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HOW VARIABLES ARE FOUND 


/n Shakespeare’s writings appears the phrase 
"^^constant as the Northern Star.” Doubtlessly the Bard of 
Avon was referring to the fact that Polaris, the Pole Star, 
maintained the even tenor of its way by remaining in one 
unchanging position in the sky, unlike all the other stars 
which appear to revolve around Polaris as the center of 
celestial motion. Little did Shakespeare realize that not only 
does Polaris have a motion all its own aliout the noi'th 
point, but also that it changes in brightness, in color and 
spectrum; except for the diurnal motion, these facts wer<^ 
not revealed until centuries later, even to astronomers. 

When we speak of vgiriable stars we cjuite naturally think 
of those stars that are known to change in liglit inttmsity, 
that is, in magnitude. Such changes may, in some stars, be of 
very minute amount, barely perceptible to the eye; wlua'eas 
in others the change in light may amount to many magni- 
tudes, either increasing some ten thousand fold, as for some 
of the so-called novae or new stars, or clirninishiiTig in liglit 
to one ten-thousandth of their original briglitness, as for 
such stars as that very peculiar variable in the Northern 
Grown, known as R Goronae Borealis. 
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The Story of Variable Stars 


In the early days of our acquaintance willi varial)k' st ars, 
a change in the brightness of a star wtis considc;red as tlu' 
only variable attribute of a star, but in view of the more 
recent developments we are now cogniziint of other manifes- 
tations of variation, namely chang<‘s in speetriil ty[)e, 
apparent diameter, color, temperature, atmosphere, and tin* 
like. A variable star, in the sense in which we rei'er to it, 
must possess at least the quality ot changing hriglitness to b<‘ 
classed as such, the other features may or mtiy not Ix' pres- 
ent. A star in which only spectral changes take jrlace may 
not strictly be classed as a variable, but can j>erha])s he 
called a pseudo-variable or a spttctruni vtiriablc'. 

Eari.y HiS'I'ORY 

The most spectacular recorded change in tlu; brightnt'ss of 
a star is probably the tremendous outljurst of Tycho’s .Star 
in 1572. This star suddenly appeared in the consl('lIation of 
Cassiopeia in a place where no other star liad ever l)een .seen. 
In the short period of a few days it increast'd to a brilliana^ 
far exceeding that of Venus, the brightest of our sisU'r 
planets. This new star made its appc^arancH! I)efon‘ tin* 
advent of the telescope and at that time could not Ire identi- 
fied with any existing star. Sub.seqvient search in order to 
identify Tycho’s Star as possibly a very faint tt'leseoirit- 
object has been unavailing. It is considered jrrobalrk; that 
the star must have risen in brightness from tlur sixtetmth 
magnitude, or even fainter. This change would indicat(‘ a 
total increase in light of at least twenty magnituck's, or to 
100,000,000 times its original brightness. But more, about 
this and other novae in the chapter on exploding stars. 

The first authentic case of a star that was found to vary 
periodically in brightness was the star omicron (o) in the 
constellation of Getus, the Whale. In August 1 596 Fabricius 
noted the presence of a third magnitude star in that con- 
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Fig. 1. — Two views oj constellation of Cetus. 
Left, with Mira, right without Mira. 


stellation which he could not find in any star catalogue or on 
any atlas or globe, and which a few months later had disap- 
peared from view. In 1603 Bayer, totally unaware that the 
star had been detected as variable seven years earlier, listed 
the star as Omicron in his atlas. It remained for Holwarda, in 
1638, to note that the star became visible to the naked eye 
from time to time, and that in between these times, the star 
was invisible, even in the telescope. Telescopes of large 
magnification had not been constructed in 1638. It was not 
until 1660, though, that the star was shown to have a some- 
what regular periodicity, one of eleven months. 

The aspect of the constellation of Cetus, with and without 
the presence of Mira, is shown in Figure 1 . 

It was not until 1667, three-quarters of a century later, 
that another variable star — not counting novae- was 
detected. Montanari noted that the star Beta (/3) in the 
constellation Perseus, appeared fainter on some nights than 
on others, and although it never faded entirely out of sight, 
yet there was a periodic change in brilliance which could 
not be accounted for by anything in our terrestrial atmos- 
phere. /3 Persei proved to be a variable of quite distinct type 
from Mira. Whereas Mira went through its cycle of light 
variations in something just under a year, this star in Perseus 
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Showing form of variation. {Skbbiris.) 


was faint only several hours, during every third night, but at 
a somewhat earlier hour on each occasion. The period of 
change for j8 Persei proved to be 2 days, 20 hours, and 49 
minutes. On nights when the star was not passing through 
one of its faint stages, it remained practically constant as a 
second magnitude star. 

The star is also known as Algol, the Demon Star. We do 
not know whether or not the Arabs, who gave the star its 
name originally, had noted something peculiar in its color or 
brightness. Its bluish color should not have given rise to the 
suggestion of a Demon, while a sudden fading away in light 
might have done so. The word Demon may, however, have 
had a purely mythological derivation, referring to the Head 
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of Medusa. It remained for a young Englishman, by name 
Goodricke, to interpret a century later the real cause of the 
light variations in j3 Persei. He concluded, and rightly, that 
the fading away every three days was due to the passing of 
one star in front of another, thus producing a stellar ccli|>se. 
This phenomenon is illustrated in the light curve shown in 
Figure 2 ; where the fading away and the rcsumi)tion of full 
light is shown by the dip in the curve. The two stars of Algol 
belong together; in other words they comprise a binary 
system. Stars of this class, presenting light variations similar 
to those of iS Persei, are known as Algol-variables. 

Further Discoveries 

During the hundred years following the discovery of Algol 
as a variable star, only two new variables were found, the' 
star Chi (x) Gygni, by Kirch in 1686, and one in Hydra, 
later named R Hydrae, by Maraldi in 1704. Both of these' 
stars proved to be of the same type of variation as Mira, but 
with considerably longer periods, or cycles, thirteen and one' 
half months for x Gygni, and seventeen months for R 
Hydrae. 

The star x Cygni has nearly twice the magnitude range of 
Mira, i.e. about ten magnitudes at times. Curiously cnougli, 
R Hydrae has shortened the time between rccurre'ne'cs of 
maxima by three months since its discovery over two 
centuries ago. 

In the early 178()’s four more variables wc'rc ch'ttx'ted: 
one, R Leonis, a long-period variable having many simi- 
larities to Mira; another eclipsing binary, B<aa (jfcl) Lyrai'; 
and two others, Delta (5) Gephei and Eta ( 17 ) Aciuilacg wliicdi 
have still another type of variation, not previously rccxig- 
nized. The periods of these last two stars are. relatively short, 
five and seven days, respectively, and the ranges" of variation 
are comparatively small, barely reaching one magniluch'. 
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All variables that have the same characteristics as 5 Gepliei 
have been designated Gepheids. 

In 1795 three rather unusual kinds of variables were dis- 
covered; Alpha (a) Herculis, a reddish star with irregular 
fluctuations of small extent, found by Sir William Herschel ; 
a very peculiar star in the Northern Crown, R Coromu; 
Borealis; and one in Scutum, known as R Scuti, which has a 
semi-regular periodicity. Thus before the end of the eight- 
eenth century, sixteen stars had been discovered to be 
variable: five so-called novae, or new stars; four long-period, 
or Mira, stars; two eclipsing, or Algol, stars; two Gepheids; 
one irregular variable; one star of peculiar type; and one 
semi-regular variable. As a matter of lact few variables have 
since been found which do not, in a general way, belong to 
one of these seven groups. One other type, U Geminorum, 
sometimes referred to as SS Cygni-type, was not found until 
the middle of the nineteenth century, but the number of 
variable stairs in this class is not large. The varieties of 
variables were thus revealed by the early discoveries. 

Photographic Detection 

Before photography was applied to astronomical research, 
relatively few new variables were found, for they were, of 
necessity, discovered visually with or without telescopic aid. 
With the advent of photographic technique the rate of 
discovery increased with leaps and bounds. The photo- 
graphic plate, with its power to gather and retain perma- 
nently much more light than is possible for the retina of the 
eye, is a powerful tool for discovery and subsequent study. 

Once the stars have been registered on the film, we have 
the means at hand for astronomical research by day as well 
as by night. When we take two plates of the same region of 
the sky exposed on different nights, days, weeks, or years 
apart, we can compare corresponding images of stars and 
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detect not only novae, but those stars which have changed in 
brightness in the interval of time between by the plates. 
One excellent method of finding variables is to make a posi- 



Fig. 3. — Discovery of variable stars by superposition of negatives 

on positives. 

tive reproduction of a single negative and exactly superpose 
other negatives of the same region of the sky, one after 
the other, upon this positive. The positive will have white 
images on a dark background, while the negatives will have 
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dark images on the clear backgrounds. If no (•hang(^ ha.s 
occurred, the dark image will compare favorably with its 
corresponding white image. If a change has taktat placxg 
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I ' n ' III 

Fig. 4. — Three views Nova {RR) Pictoris, 1925. 

I, before outburst; II, near maximum; III, after maximuiu, 

whether large or small, either the white or the black image 
will be relatively smaller or larger. A glance at Figure 3 will 
best illustrate what is meant. Using this method many 
hundreds of new variables have been found since late in the 
nineteenth century. 



How Variables Are Found 9 

The direct comparison of two negatives of the same sky- 
regions will also reveal dilferences in the sizes and density of 
images, if light variations have taken place. This method of 
detection of variables on negatives of the same region photo- 
graphed with the same telescope can best be accomplished 
by superposing plates, but displacing one slightly with 
respect to the other, so that the images appear in pairs; 
moderate differences can be readily seen. When a bright 
nova occurs on one of the plates under comparison, the 
image often stares one in the face, so to speak, usually ap- 
pearing as one of the brightest stars in the field. While it is 
true that most novae in their early period of eruption have 
been discovered first by visual observers with a keen knowl- 
edge of, and familiarity with, the constellations, many of the 
fainter novae have been found only on photographs, usually 
after the star in question had passed its maximum brilliance. 
The appearance of Nova Pictoris as it appeared in 1925 is 
illustrated in Figure 4. 

Multiple Images 

Another method of discovering variation in the stars, 
especially for variables which go through the course of their 
light changes in a few hours, such as some eclipsing binaries, 
is that known as the multiple image method. Here the 
photographic telescope is pointed to a particular region of 
the sky and the plate exposed for a short time, let us say 
five or ten minutes. The shutter is then closed for a moment, 
the instrument is moved in declination by a small amount, 
and another exposure of the same duration is made. This 
procedure is continued until ten or a dozen exposures are 
made, usually with an identifying shift between the last two 
exposures of twice the amount used for the others. Some- 
times the plate holder is automatically shified*bv. a. constant 
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amount in the tail-piece of the telescope, which produces a 
similar effect. 

The resultant photograph shows a series of multiple 
images for each star in the field. The stars of constant 
brightness will have images of about equal size and density, 
provided clear sky and good seeing conditions prevailed; a 
rapidly varying, eclipsing star will show a change in image 
size from large to small, from bright to faint, or vice versa. 
If the times of each exposure have been carefully noted, we 
then have the means at hand, not only for finding a variable 
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Fig. 5. — Illustration of multiple images. 

Showing variation in one of the series of images. 

Star, but also for deriving a portion of the light curve during 
that particular “run.” This method is illustrated in Figure .S. 

Discovery by Spectral Appearance 
Some variables, especially those of long-period and the 
novae, are occasionally first detected by the peculiar appear- 
ance of their spectral lines as seen on plates that have been 
taken with the aid of a prism placed over the main lens of 
the telescope. Such a prism reveals the star images as elon- 
gated bands, crossed by lines which determine the spectral 
class to which the star belongs. The dark lines arc known as 
absorption, the bright ones as emission lines, and when the 
hydrogen lines appear strongly as emission lines in a spectral 
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Fig. 6. — Discovery of variables from spectral images. 
Arrowed image that of long-period variable, S Carinae, showing 
bright lines. 

image of a cool star, we usually have direct evidence for the 
presence of a long-period variable. A spectrum plate show- 
ing some of these significant lines is reproduced in Figure 6. 
The most recent instance of discovery by the appearance of 
the spectral lines, is that of a long-period variable found in 
Monoceros by Mrs. M. W. Mayall; the star proved to have 
the longest period of any long-period variable so far dis- 
covered; some 1300 days, twice the length of any previously 
known, and five times the length of an average star of this 
class. The characteristic lines shown in the spectrum of Nova 
Monocerotis were the means which first led to its detection 
as a nova by F. L. Whipple in December, 1939. 

“Bunk” Method of Discovery 
Still another way of detecting variability among the stars 
is by means of the so-called “blink” method. For this we 
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have a machine which carries two plates of the same region, 
exposed sofne months or years apart. By a special optical 
contrivance, one can quickly examine alternately with the 
same eyepiece, corresponding stars on the two plates and 
thus readily detect any appreciable difference in brightness. 
By a “flip of the finger” we thus pick up variables in great 

1 

■i' 

? 


Fig. 7 . — A perfected machine. 

Designed and constructed by J. W. Pecker, Pittsburgh, Pa. 

numbers in rich fields and in globular clusters. Such a blink- 
machine is illustrated in Figure 7. 

Another method of discovery of variables which has met 
with some success is the so-called “Stereoscopic” method. 
Here, as the name implies, the stars are projected from two 
similarly exposed plates into one field of view, and large or 
small differences in brightness between corresponding stars 
can be noted with comparative ease. Hoffmeister has made 
extensive use of this type of detector. 
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Rate of Discovery 

As mentioned earlier, the rate of discovery of variables 
has been exceedingly rapid since the advent of celestial 
photography. Sixteen variables, including five novae, were 
known at the end of the eighteenth century. During the first 
half of the nineteenth century this number had increased to 
thirty-nine, and at the close of that century there were 
known to exist about 1050 variables, including nineteen 
novae. Seven of these novae had been found on the Harviird 
photographs. Of the 1050 variables found, only about thir- 
teen per cent had been discovered on photographic plates. ^ 

Quite another story can be told for the first forty years 
of the present century. Some idea of this rapid increase in the 
discovery of variables, especially by photographic methods, 
can be gained by the record of the discoveries made at 
Harvard alone. 

*The following partial list of variables star catalogues illu.slra((‘s th(‘ 
progress made in the discovery of variables from the latter part of tlu‘ 
18th Century to the present time. Many variables discovered in glol)idar 
clusters, the Magellanic Clouds, and other densely populated n\giou.s 
have not been listed in the published catalogues. The total iiuinber of 
variables found to date is probably between 1 8,000 and 2(),{)0{). 


Tear 

Authority 

Variables 

1786 

Pigott 

12 

1844 

Argelander 

18 

1866 

Schoenfcld 

119 

1896 

Chandler 

39,3 

1907 

Cannon 

1425 

1920 

Muller & Hart wig 

2054 

1930 

Prager 

4611 

1936 

Prager 

6776 

1941 

Schncller 

8445 
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Fig. 8. — Globular cluster, M 13, {Hercules) 60-inch reflector 
{Courtesy of Mount Wilson Observatory,) 
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Fig. 9. — Large Magellanic cloud. 

{Photographed at Boyden Station Harvard Observatory.) 

Harvard’s first variable star discovery was made by 
Professor G. P. Bond in 1863 when he detected the variation 
of a star enmeshed in the Great Orioia Nebula, not far dis- 
tant from the Trapezium. This star was found in the course 
of a systematic examination with the “great 15-inc'li re- 
fractor,” of the stars in that particular nebula; it was later 
named T Orionis. Bond subsequently found other varial)lcs 
or “suspected” variables in Orion, but most of tlicm, likc^ T 
Orionis itself, have proved troublesome when it comes to 
classification. With the discovery of a large niinibcr of 
variables in globular clusters by Professor S. L Bailey, more 
than 700 variables had been recorded at Harvard by the 
end of 1901. Ten years later this number had increased to 
more than 3300, mainly through the efforts of Miss Leavitt 
who found many such stars in the Magellanic Clouds and 
in some rich regions of the Milky Way. Since 1910 the dis- 
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covery has progressed rapidly, and in, July ol 1 939, Har- 
vard’s 10,000th variable was detected by Miss Gannon. It 
is safe to say that more than half of all known variables have 
been found on plates at Harvard. Some idea of the obstacle's 
that Bailey had to face in his discoveries and observations tjf 
globular cluster variables, and how diligently Miss I.eavitt 
had to work to study the variables in the Magellanic Cloud, 
may be had by examining Figures 8 and 9. 

N0MENCI.ATURE OF Variables 
How do variables get their designations? This is a natural 
question in view of the fact that some have Greek letter 
names, some have capital letter designations, while others 
have only numbers assigned to them. The first few variables 
discovered were, of course, found among the naked eye 
stars. They were Omicron ( 0 ) Ceti, % Cygni, iS Persei, etc., 
and since these stars already had names, the designations 
were retained. When names were to be assigned to stars for 
which no previous designation had been given, it was neces- 
sary to invent a new system of nomenclature. Accordingly, 
letters of the alphabet starting with “R” and running 
through “Z” were assigned in order of their discovery. The 
letter was always followed by the genitive form of the. name 
of the constellation in which the variable is located. Thus R 
Hydrae was the first to be named in the constellation of 
Hydra; S Leonis, the second found in Leo; T Virginis, the 
third in Virgo, etc. When the number of variables had 
increased to more than nine in a given constellation, the 
doubling of the letters was used, for example RR, RS, RT, 
etc., then SS, ST, SU, and so on to ZZ. Even this enlarged 
plan did not suffice for those constellations in which many 
variables were found and it became the custom next to go 
back to AA, AB, AG, . . . AZ, etc., then BB, BG, etc., 
through QZ, with the exception of letter combinations with 
J. Finally it was decided internationally, to adopt a number 
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system to supplement the letters. QZ indicates the 334th 
variable in a given constellation; the next variable found is 
called 335 preceded by the letter V; thus V335 Ophiuchi 
is the name given to the 335th variable found in Ophiuchus; 
it happens to be a short period Gepheid. 

The above nomenclature has been used for the designa- 
tion of only those stars which were recognized as variable by 
a special commission chosen to assign such names, lliis 
commission, known as the Variable Star Commission of 
the Astronomische Gesellschaft, Germany, was by com- 
mon consent of astronomers given the task of assigning 
designations to variable stars. Certain definite rules had, of 
necessity, to be laid down before a star was given a name 
by the commission, especially the rule that variability must 
have been confirmed by a second observer, or that conclu- 
sive evidence had been published, establishing type of 
variation, period, etc. Other stars, some of them indis- 
putably variable, but for one reason or another not yet 
named by the commission, have been assigned provisional 
names or numbers. There are various provisional systems. 
For example, each star may be assigned a number according 
to the order in which it is announced as variable in a par- 
ticular year. Thus 1.1939 designates the first variable found 
in the year 1939, which happens to be an interesting 
probable-nova found by Wachrnann. A definite iiairu^ 
will later be assigned to this star by the variable st;ir 
commission. 

Harvard gives its own current number to each varial)lc 
found at the observatory; SS Gygni, discovered by Miss 
Wells in 1896, is H.V. 84 and jS Doradus, found in 1927 is 
H.V. 4010, Ross 389 indicates the 389th variable found by 
F. E. Ross at the Yerkes Observatory. Variables in glol)ular 
clusters, in the Magellanic Clouds and in the distant galaxies 
have with few exceptions been given no final names, but 
most of them have Harvard provisional numbers. 



OBSERVING THE VARIABLES 


Once the existence of a variable star is known, we 
must determine its brightness at different times in order to 
learn the nature of its variation. If the changes are rapid, we 
must make frequent estimates of the brightness of the varia- 
ble; only occasional estimates are necessary when the 
changes are slow or moderate. 

Magnitudes 

Estimates of stellar brightness are generally made in terms 
of “magnitude.” The naked-eye stars were originally 
divided into six magnitude groups; the first including the 
brightest stars, and the sixth, those barely visible to the 
unaided eye under ideal observing conditions. Subsequently 
it became customary for observers to subdivide each magni- 
tude generally into thirds, a difference readily discernible to 
the eye. 

It was found later that in a range of five magnitudes there 
is a difference of exactly one hundred units, that is, that a 
first magnitude star is one hundred times as bright as one of 
the sixth magnitude. In other words, from one magnitude 
to the next fainter, a ratio of 2.5 exists. Thus a first magni- 
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tude star is 2.5 times as bright as one of second magnitude, 
a second, 2.5 times as bright as a third, and so on, as illus- 
trated in Figure 10, where differences in magnitude are 
plotted against light intensity. 

The derivation of a good magnitude scale was the subject 
of much discussion until a definite system was adopted. It is 


Logf of lighf intensity 



Light intensity 

Fig. 10.— Plot of relation of rnagnilude. to light intensily. 

5 Magns. ==100 times; 10 Magus. = 10,000 times; 15 Magus. •= 
1,000,000 times. 

based on an elaborate determination of magnitudes of the 
stars about the North Pole, familiarly known as the North 
Polar Sequence. 

Accurate methods of determining stellar magnitude 
showed that all the stars originally called first magnitude 
were not alike in brightness, and so the scale was extended 




Fig. 77 . — Mythical conception of constellation of Orion- llie 

Hunter. 

backwards to zero, and even to negative magnitudes, 'rims 
Vega and Arcturus prove to be of magnitude zero, while 
Sirius has a designated magnitude of — 1 .6. This system may 
be carried backwards still further, and the planet Venus at 
times attains a magnitude of —4, the Moon, —12.6, and 
the Sun, —26.7. Expressed in terms of intensity, the Sun is 
approximately 100,000,000,000, (lO^^) times as bright as a 
first magnitude star, or 10,000,000,0{)0,00(),0()0,()()0, (K)*''), 
times as bright as a 21st magnitude star— one which would 
be photographed in a 100-inch telescope. 

The first catalogue of bright stars was compiled by Ptol- 
emy, about 138 A.D. and was based on observations made 
by Hipparchus about 127 B.G. The catalogue contained 
slightly more than a thousand stars, divided into 49 con- 
stellations. Some of the mythical figures of the constellations 
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are of interest, such as the “Giant Hunter/’’ Orion, shown in 
Figure 11. The brighter stars of each constellation were 
represented by Greek letters, a, jS, 7 , 5, etc., usually, but not 
invariably, assigned in order of brightness. Although Ptol- 
emy did not recognize fractions of a magnitude, he did use 
modifying terms to indicate stars which were slightly 
brighter or fainter than the average star of that magnitude. 
Ptolemy’s magnitudes were used as a basis in many suo 
ceeding catalogues, particularly those of Ulugh Bcigh and 
Tycho Brahe. Al-Sufi, in the tenth century, revised the 
magnitudes of Ptolemy to a marked degree. 

Bayer, one of the next to catalogue and chart the stars, 
represented them on maps instead of globes, as had been the 
custom previously. He included 1300 naked-eye stars in 
his catalogue and used Arabic letters to designate the 
fainter stars, when the Greek letters were exhausted. Later 
Flamsteed assigned numbers to the still lain ter stars in each 
constellation. 

Numerous atlases of the naked-eye stars have been pul)- 
lished from time to time. Particularly uselul are those of 
Kleine, Upton, Schurig, and in more recent years, those 
of Norton and the A. A. V.S.O. These atlases contain maps of 
the constellations from the North Pole to the South Pole, 
conveniently arranged for amateur use and containing some 
four to five thousand stars in each atlas. 

It has already been mentioned that divisions intermediate 
between whole magnitudes were considered necessary for a 
more accurate assignment of brightnesses to the stars. 
Ptolemy had used terms corresponding to “slightly brighter” 
and “slightly fainter.” At first only half magnitucles wc^re 
used, then thirds, which were adopted in 1843 by Arge- 
lander in his Uranometria Nova. 

Further subdivisions of magnitudes, approximately to 
tenths, were introduced by Argelander, and later by Schoen- 
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Fig. 12. — Reproduction of Argelander chart. 
Showing region of the Pleiades. 


feld, in the preparation of the finst telescopic atlas- or 
Durchmusterung — of stars to the ninth or tenth magnitude. 
Argelander catalogued the stars according to right ascension 
in successive one-degree zones of declination from the North 
Pole (-|-90°) to two degrees south of the celestial equator 
(—2°). Schoenfeld, using this same plan, later extended the 
catalogue to twenty-three degrees south of the equator 
(—23°). In these catalogues the stars were numbered con- 
secutively in each zone from zero to twenty-four hours, and 
celestial positions, as well as magnitudes to tenths, were 
observed and catalogued. These catalogues were accom- 
panied by charts or maps which greatly simplified the 
identification of an observed star. The catalogues of Argc- 
lander and Schoenfeld are known, respectively, as the Bon- 
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ner Durchmusterung (BD) and the Schoenfeld or Sudliche 
Durchmusterung (SD). A similar catalogue, with charts, was 
prepared at Cordoba, Argentina, reaching to — 52"^ 
declination. The magnitudes in these catalogues are all on 
the visual scale. Figure 12 is a reproduction of a portion of a 
region taken from an Argelander (BD) chart. 

A photographic catalogue, known as the Cape Photo- 
graphic Durchmusterung (GPD), was prepared under the 
direction of Kapteyn from observations made on plates of 
the southern sky, taken at the Gape Observatory in South 
Africa. The observatory at Santiago, Chile, later issued 
maps based on the positions of the GPD. We now have maps 
covering the entire sky from Pole to Pole. 

Other telescopic maps have been issued in recent years, 
among them the Stuker Atlas, which contains stars to about 
the eighth magnitude, and the Beyer-GrafF and Webbs 
Atlases, which show stars to about the same magnitude as 
the BD, but on a much reduced scale. 

Estimating the Variables 

Sir William Herschel took the first step in devising means 
for a more accurate method of determining small difiercnces 
in the brightnesses of stars, a scheme later adopted and fur- 
ther developed by Argelander and generally known as the 
“grade’’ or “step” method. It is described as follows l)y 
Pickering in his paper “Variable Stars of Long Period”: 

“The variable is compared with a known star of very 
nearly the same brightness, and the difiercnce, if any, is 
estimated. If two stars of ecjual brightness are watched for a 
few seconds, the relative brightness will appear to vary. If 
one appears the brighter as often as the other, they may be 
assumed to be equal. If, however, one appears brighter 
oftener than the other does, the difference in brightness may 
be regarded as one grade or step. . . . When one star gen- 
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erally appears brighter, but sometimes the star appears 
equal, the difference is two steps. If one star always si'cms 



Fig, 13. — Chart of field of R Cygni with comparison stars indicated 
— type (h) chart. 

brighter than the other, while the difference always re- 
mains small, this difference may be regarded as three steps.” 

This method of observing variable stars in terms of 
adjacent comparison stars was in general use during the 
nineteenth century. One could derive curves illustrating the 
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light changes which were taking place in a variable without 
requiring an exact knowledge of the magnitudes of the stars 



,■ ■/ " .. -'V" „ ■> 



Fig. 14. — Chart of field of R Cygni with comparison stars indicated 
— hpp^ {d) chart 

used for comparison. In the hands of the experienced ob- 
server, a grade, or step, frequently corresponded to a tenth of 
a magnitude, sometimes slightly less, but more often some- 
what greater. 



26 The Story of I \mable Stars 

Later, when more accurate magnitudes had bctui deter- 
mined for all of the brighter stars, and some sp('eial fainter 
ones, it was possible to convert grade estimates directly 
into magnitudes. This conversion was made possiI)lc mainly 
through the efforts of E. C. Pickering with the publication of 
his Revised Harvard Photometry and subsequent catalogues 
of star-magnitudes to fainter limits. 

In the early nineties Pickering conceived the idea of 
preparing special charts for regions of variables witli wtdl- 
determined magnitudes of sequences of comparison stars. 
These magnitudes were based on tlie scale of the I birvard 
Photometry. At first the sequences were dtHermined ibr a list 
of seventeen circumpolar variable stars, whitdi under 
ordinary conditions could be observed throughout the year. 
Later additional sequences were provided lor many stars in 
other parts of the sky that were of special interest to the 
astronomer and eventually the list included some live or six 
hundred variables over the whole sky. Figures 13 and 14 
show two variable star charts with assigned magnitudes of 
comparison stars. 

In the early part of the present century Father Hagen, 
then at Georgetown College Observatory, issued several 
series of charts and catalogues of variables, including many 
of the well known stars visible to the naked eye, as well as 
those observable only in telescopes. In this work he collated 
most of the earlier sequences published by Heiss, Argc- 
lander, Schoenfeld, Schmidt, and others, and brought them 
into a homogeneous system, supplying magnitudes based on 
carefully made grade estimates. Later these Hagen magni- 
tudes were reduced to the Harvard scale of magnitudes. 

For a few years these Pickering and Hagen sequences were 
used quite generally for the systematic observations of varia- 
ble stars by the grade or step method. As long as observa- 
tions were relatively few in number and usually reduced and 
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discussed by the individual making the original estimates, 
this method proved effective and satisfactory. 

After a few years the so-called Pickering system of estima- 
tion came into vogue and has generally superseded earlier 
procedures. Instead of indicating the comparison stars on 
each chart by letter or by number such as b, c, or 1, 2, 3, 
etc., the actual magnitude of the comparison star was indi- 
cated, to tenths only — ^omitting the decimal point beside 

each star so the variable could be estimated directly in terms 
of the magnitudes of two or three stars most comparable in 
brightness to the variable at that time. 

This device saved further reduction, and the observer 
knew at once the magnitude of the variable star under 
observation. Usually the intervals between the comparison 
stars did not exceed three or four tenths of a magnitude, and 
in such cases it was easy to estimate the magnitude of the 
variable by the indirect use of the grade method, or of the 
“ proper tionah’ method proposed by such observers as 
Nijland and others. In the proportional method one gauged 
the brightness in tenths of the interval between the two 
comparison stars. Thus, if the variable appeared to be 
fainter than a star marked 72 (7?2) and brighter than one 
marked 78 (7T8) then the interval of six tenths was con- 
sidered as divided into tenths or sixths, and an estimate 
made of the proportion. If the variable was estimated as half 
way between 72 and 78 then the assumed magnitude was 
7.5. If three tenths of the way from 72 to 78, then the magni- 
tude was considered as 7.4. If seven tenths of the way from 
the 72 to the 78, then the concluded magnitude was 7.6. 

There are .several ways of recording such an estimate. By 
the Pickering method one would record the actually esti- 
mated magnitude, such as 7.5, noting for reference the 
comparison stars used, such as (72) 7.5 (78). By the propor- 
tional method one would record (72) 5 Var 5 (78), or if 
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letters were used in place of inagnitucle number, d 5 Var 5 e. 
If the grade or step method was used and the obscn-ver 
decided that “d” — the 72 star— was sliglitly brigliter than 
the variable and that the variable was always seen slightly 
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This record, if intended for use in monthly prediaions, should be returned by the fifteenth 
of the month to Harvard Coleece Observatory, Cambridoe, Mass., U. S. A * 

Fig. 15. — Typical variable star report. 

brighter than “e”— the 78 star— the record would read 
either d 3 Var 3 e or (72) 3 Var 3 (78), the resulting magni- 
tude being 7.5 in any case. 

Of course the date and time of observation had to be: 
recorded along with the estimated magnitude; to the nearest 
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minute if the sta.r was varying rapidly or to the nearest five 
minutes for the slowly varying stars. For recording the time, 
astronomers prefer, eventually at least, to make use of the 
Julian date and decimal of a day, the latter to tenths or to 
ten-thousandths, as the case requires. The Julian Day 
Calendar was introduced by Joseph Scaligcr in 1582— 
named in honor of his father Julius Scaligcr— and numbers 
the days consecutively, instead of by years, months, and 
days, from the beginning of the Julian Era, 4713 B.G, On 
January 1, 1950 a total of 2,433,283 days will have elapsed. 
The Julian Day table for determining intervals of time be- 
tween observations is in general use among variable star 
observers. The decimal fractions of the day are figured from 
Greenwich mean noon (see tables in Appendix). A sample 
form of variable star report is shown in Figure 15. 

Instruments 

If the variable is too faint to be observed with the naked 
eye, recourse must be had to some optical means of viewing 
the star. Sometimes a pair of good binoculars will suffice to 
observe stars just below the naked-eye limit of visibility. 
Such an instrument should enable one to follow the varia- 
bles until they are fainter than the eighth magnitude. As the 
stars become still fainter larger telescopes should be used. 
For stars to the eleventh magnitude a good 3-inch refractor 
is advisable, a 4-inch will take care of stars to the twelfth 
magnitude, and a 5-inch telescope should enable the ob- 
server to follow the variations to about the thirteenth 
magnitude. Still larger instruments must be used for 
extremely faint stars. 

There is a difference of opinion about the relative advan- 
tages of refractors over reflectors in variable star observing. 
As a rule a slightly larger-sized reflector than refractor is 
required to observe stars to the same limit of brightness. This 
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may apply more to home-made reflectors than to those made 
by professional telescope makers. To be sure, the reflector 
disposes of the color difficulties often found in a refractor, 
and is preferred for observing stars near the zenith. Figurt^s 



Fig. 17. — Typical refracting telescope. 
{Courtesy of H. M, Harris.) 


16 and 17 illustrate types of reflectors and refractors used by 
amateurs. 

It is somewhat of a nuisance to keep the reflector in 
proper adjustment and the reflecting surfeces up to the 
highest point of efficiency. A refractor requires much less 
care, but here again familiarity with the instrument at hand 
and a determination to get the most done with the available 
tools counts the most. “The boy with the bent pin catches the 
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most fish” often applies to telescopes of any lyi)c', sizc^ or 
make. 

Variable S'i'ar OitsicRVi'iRS 

During the last forty years numerous groii[)s of observi'rs 
have been formed for the sole purpose of syslcmalically fol- 
lowing some of the easily observed and inti'resting vai-ialik' 
stars. The first large group to be formed for this six'eial 



Fig. 18.— 'Wm. Tyler Olcott, 187^-19.36. 

Co-founder and 1st Secretary of the A.A.V.S.O. 

purpose was the Variable Star Section of the British Astro- 
nomical Association in England, in the early nineties. Their 
ranks have included some very expert amateur oliservers not 
only in England but also on the Continent. Their work was 
made possible in great part by Pickering’s cUbrts to supjily 
sequences of comparison stars with which to observe varia- 
bles, and later by the Hagen charts and scciuenees. In 1911 
a group of American observers, some of whom had beem con- 
tributing observations semi-regularly to Harvard, formed 
the American Association of Variable Star Observers, which 
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Fig. 19. — Typical gathering at an American Association of Variable 
Stars Observers'^ meeting. 


at present has a membership of professionals and amateurs 
the world over. In the past thirty years this group of ob- 
servers has faithfully and persistently followed the caprices of 
some five-hundred or more variable stars. Consequently 
they now have accumulated more than three-quarters of a 
million observations. Other countries have since formed 
similar variable star observing groups; notably France^ 
Denmark, Japan, New Zealand, and Russia. The observa- 
tions have appeared in printed form, generally in the reports 
of the organizations or in other astronomical publications, 
thus making them available, with more or less promptness, 
for discussion by professional astronomers. 

The observations themselves are not difficult, no expert 
astronomical or mathematical knowledge is required and 
the results attained attest to the great value of the work. A 
moderate size telescope, suitable charts, and a determina- 
tion to succeed are the main requirements. In fact, this sort 
of observing is admirably suited to the amateur and is tlie 
one field in which success as an observer can be attained 
with a fair amount of perseverance. 

The American Association of Variable Star Observers, 
known as the A.A.V.S.O., supplies complete instructions for 
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the beginner, with sample charts and blanks for rejjoriing 
the observations.* A group of A.A.V.S.O. incinbcrs is 
shown in Figure 19. 

PiioTOMETRia Methods 

The observing methods described so far have dealt with 
simple eye-estimates of magnitude, with and without tele- 
scopic aid. Experience has shown that the degree of ac- 
curacy attainable by ordinary visual methods suHiees for 
following the variations of stars with a large range in magni- 
tude, or for which generalities about the form of the light 
curve and time of maximum and minimum are desired, or 
when we are watching for sudden increases and decreases in 
light. 

If we wish to study slight variations in magnitude with a 
high degree of accuracy, then instrumental nutans of deter- 
mining differences in magnitude arc required. For this 
purpose a photometer is es.scntial, especially one which can 
eliminate personal equation and instrumental diflicultics. 

An early type of photometer introduced the principle of 
extinguishing the light of a given star, either variable or 
non-variable, by means of a graduated wcxlge. 'Fhc ob.stTver 
records the point on the scale where tlie light of the star is 
just made to disappear. The main difficulty with this type of 
wedge photometer was that the place of extinction de- 
pended, to a great extent, on the “sky” and “seeing" con- 
ditions as well as the keenness and alertness of the eye. If 
the seeing were poor, the sky not uniformly clear and tran.s- 
parent, or the eye fatigued, the measures were susceptible 
to much uncertainty and even actual error. A photometer 
which depends on equalization of two star images instead 

* Address the A.A.V.S.O., Harvard Oolkge Ob.sei'vatory, Cambridge, 

Massachusetts, 
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of on the point of extinction, is vastly more reliable and 
therefore much more accurate, 

A photometer in which a wedge is used as an equalizer is 
decidedly to be preferred. The wedge can be used satis- 
factorily if it is passed through only one half of the field of 
view of the telescope, so that the brighter star — ^variable or 
comparison star-™ -may be dimmed to equal the brightness of 
the fainter star, Polaroid has recently come into use as a 
means of equalizing star images and bids fair to be produc- 
tive of worthwhile results. 

The types of photometer just described are relatively easy 
to construct, comparatively inexpensive and are readily 
adaptable to the needs and equipment of the amateur ob- 
server. Zoellner and Pickering were among the first to use 
the principles of polarized light and equalization in their 
photometers. With such instruments Pickering planned and, 
with the help of Bailey, completed his photometric catalogue 
of the bright stars over the entire sky down to magnitude 
7.5, and to fainter limits for special regions. 

With a polarizing photometer images of two stars— one 
variable and the other non-variable — could be placed side 
by side, then by proper manipulation of the instrument, the 
relative positions of these images could be reversed and the 
necessary equalizations made. Professor O. G. Wendell, lor 
nearly a quarter of a century, with an instrument of this 
type carried on measures of eclipsing stars to a degree of 
accuracy not previously attained. His observations, and the 
resultant light curves, served as the basis for much of the 
pioneer work done twenty-five years ago by Russell, 
Shapley, and others in the investigation of the theories of 
eclipsing stars. This same type of photometer was success- 
fully used by the late Professor R. S. Dugan and his col- 
leagues at Princeton, who have determined the light curves 
of many more eclipsing variables. The use of the polarizing 
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photometer reduced the accidental errors of ol)servations to 
much less than one tenth of a magnitude. 

The adaptation of photoelectric methods in the deter- 
mination of small differences in the light of stars lias I )rougl ]i t 
about a still greater degree of accuracy and lias enaliled 
observers to measure to within a single liundrt‘dth of a 
magnitude. Also, with such an instrunitmt, stars nev(n' 
before suspected of variability were Ibund to undergo very 
small changes in light, and light curves, previously (‘oii- 
sidered to be perfectly regular, have bcHui Iciund to iireseiit 
well-marked and well-authenticated irregulariti<\s. 

At this point in our discussion of observing mcaJuxls and 
devices, mention should be made of the special prolilenis 
which may arise where a high degree of accuracy is recpiircd. 
It is well known that observations made with refriictors 
introduce differences due to chromatism, or color (*or- 
rections, of the lens used. Such color difficulties do not ap- 
pear in well-made parabolized mirrors, since the light of all 
colors is brought to the same focus, but the troul)le can be 
serious in refractors, where the light is Ibcused for certain 
wave lengths, usually in the yellow portion of the spcctruni. 

We must be on our guard against background difficultit's 
in either type of telescope. On an average night the back- 
ground of the field of view of the telescope will appear 
darker through a high-power than through, a low-power 
eyepiece. The effect is very noticeable with bright moon light 
and a slightly milky sky. Then the bright background 
assumes a bluish tinge and red stars seem brighter by con- 
trast if viewed through a low-power cyepicc'c. 

Red stars present special difficulties to the observer. One 
of the most serious is the so-called Purkyn£ cfiect, (Purkynfi 
is also known as Purkinje in the astronomical literature.) 
Suppose you have two lamps, one with a blue bulb and the 
other with a red bulb and you judge them to be equally 
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bright. If you were to add another blue bulb and red bulb to 
each lamp you would then expect to see the two lamps still 
equally bright. What happens, instead, is that the red lamp 
will seem to be brighter than the blue one. Our eye reacts 
differently to equal variations in blue and red light. 

The PurkynS effect is especially troublesome in the 
observations of red variables. If the comparison stars for 
a red variable happen to be white, the variable may be 
judged to be as much as half a magnitude brighter in a six- 
inch telescope than when estimated with the naked eye. The 
best safeguard against errors arising from differences in 
color would be to choose comparison stars that are as red as 
the variable, but such red comparison stars can not readily 
be found. 

In addition to the Purkyn^ effect the coloring caused 
by absorption in the lenses of the telescope may affect the 
observations. In work which requires a high degree of 
accuracy and where small differences in magnitude arc 
sought, observers should be careful to record the size and 
type of instrument used, and the eyepiece employed. 

A further difficulty presents itself because of the gradual 
reaction of the retina to faint red light. If one observes a 
faint red star, he will notice that it will appear to increase 
steadily in brightness during the first few seconds of observa- 
tion. Different observers have different habits, and estimates 
of brightness may vary considerably as made by one person 
or another. To overcome difficulties of this sort, the observ(‘r 
is advised to estimate the magnitude of the variable by short, 
quick glances, rather than by prolonged stares. In rtx'cnt 
years, with the adoption of this method of observing, 
accidental and systematic discrepancies have been con- 
siderably reduced. 

Mention should be made of the different wave-lengths of 
light as gathered by the eye and the photographic plate. 
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The eye at the visual telescope secs only that portion ol 
the spectrum which can be recorded on the retina, mainly 
in the yellow and extending to either side tor a short: 
distance. The photographic plate covers, in general, dif- 
ferent portions of the spectrum. 

Photographic Obskrvations 

One of the inherent difficulties encountered in visual 
work lies in the fact that an observation one(> made at <i 
certain time, on a certain night, under certain conditions 
can never be repeated and accordingly never conlinned 
except if by chance another person was observing tlie same 
object under like conditions at the same moment. Such 
cannot be said of observations made on photographic plates. 
These records are lasting reminders of what was happening 
at the time when the plate was being exposttd in the camera 
or telescope, and observations of magnitudes, positions, etc., 
on these plates can be repeated several times over, (liven 
a photographic plate, properly exposed and developed, one 
can observe on this plate as he would at the eyepiece of a 
visual telescope. Variable stars can be as well observed 
from a plate as by the visual methods previously ovitlined. 
Estimates of brightnesses of stars in terms of not too distant 
comparison stars can be made rapidly and accurately, and 
the history of the star’s activities can be studied for as many 
years in the past as the collection of plates at hand will 
allow. The photographic plate permits us to review the 
past history of the starry heavens, something not possible in 
ordinary night-to-night visual work. Observations made by 
direct estimates from plates have about the same degree of 
accuracy as those made by simple visual methods at the 
telescope. 

Obviously one must plan a photographic study of variable 
stars with some forethought as to the requirements for dif- 
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ferent types of variables. It would not, of course, be advisa- 
ble to photograph a star with a 90 minute period on a plate 
exposed for an hour or two. Then, too, we should consider 
how frequently the plates are to be taken. For short-period 
eclipsing stars the nightly interval should be much smaller 
than for long-period variables. 

For many sorts of variable star investigations photography 
may eventually supersede ordinary visual methods. On 
the other hand there will always be a place for the visual 
observer^ — for the amateur in particular. To him will be 
relegated the task of keeping an ^^eye” on the sudden and 
spectacular events among the stars, especially in the prompt 
discovery of novae and the enigmatic ^ ^jumping up’^ or 
“falling off^’ of the light of certain variable stars, such as SS 
Cygni and R Coronae Borealis. There is much yet to 
be done in “observing the variables” both visually and 
photographically. 
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USING THE OBSERVATIONS* 


Once the observations of a variabi.e star have been 
made, the first step in the analysis is to present the oliserva- 
tions diagrammatically so that the light curves can be stud- 
ied in detail. 

Given the observed magnitudes and the times when they 
were made, we can plot the light curve f with the time of the 
observation as the horizontal coordinate, and the oliserved 
magnitude as the vertical coordinate. The scale of the plots 
will, of course, have to be adjusted to the rapidity of the light 
changes; a very open time scale for eclipsing variables, or 
other rapidly varying stars, and a more contracted time 
scale for the more slowly varying stars, such as the long- 
period variables and some irregular variables. For most 
eclipsing variables, cluster- type stars, and a majority of the 
Cepheids, a ratio of one tenth of a magnitude to a tenth, or a 


* If the reader is not particularly interested in detailed niclhods for 
making use of the observations, he may pass over this chapter without 
serious loss. 

t Light curves may be pictured as graphs similar to those kept at hospitals 
to record the varying temperature of a patient, or those illustrating the 
rise and fall of the stock market throughout the year. 
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few tenths, of a day is desirable. For very rapidly varying 
stars, a tenth of a magnitude to a hundredth of a day is 
frequently used. For long-period variables we usually plot 
one magnitude to an inch, or half-inch, against a time scale 
of 50 or 100 days to the inch. 

The Light Curves 

For the sake of illustration, let us take the observations 
made on the long-period variable U Persei, which extend 
over several years. Since observations on this particular type 
of variable are usually made at varying intervals by several 
observers situated at different stations over the Earth, those 
of any one observer would not, as a rule, suffice to depict the 
complete light curve. But by plotting all the observations 
made at the various stations, we can obtain a fairly complete 
curve covering the time when the star was available for 
observation. As mentioned in the chapter on Observing the 
Variables, we use the Julian day calender, rather than the 
civil day calendar, in plotting the observations. 

For the preliminary light curve, and as a check on the 
accordance, all the observations are first plotted as indi- 
vidual points (see Figure 20 A)- Sometimes the observations 
are very numerous at a given part of the curve, frequently 
with some dispersion among the observations, and in order 
to determine the most probable form of the curve, it is 
desirable to group the observations in one way or another. 
For stars with periods between 200 and 500 days, it has been 
found convenient to combine all the observations within the 
same ten-day interval into one mean value, and to plot 
these means as individual points. It is assumed, of course, 
that all the observations have been made on the same system 
of magnitudes, otherwise a reduction to one particular sys- 
tem would have to be made for all the observations. A 
smoothed light curve, made by plotting the ten-day means, 
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is shown in Figure 205. This curve probably best represents 
the light changes of the star over the years covered by the 
observations. 

Once the ten-day means have been plotted and a smooth 
curve drawn through the points, one can obtain a fair idea of 
the general form of the light curve, note any anomalous 
features which may appear, determine the preliminary dates 
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Fig. 20.— Light curves of U Persei. 

A, Individual observations; B, ten-day means; C, mean light curve. 

of maximum and minimum, as well as a tentative value of 
the length of the period. A combined light curve of the sev- 
eral individual maxima of U Persei as observed during the 
1000 day interval under discussion, is shown in the same 
Figure 20C. 

To demonstrate still more clearly the successive steps in 
the formation of a light curve, let us take the observations of 
another interesting long-period variable, S Ursae Majoris, 
and give, in tabular form, the ten-day means which are to be 
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used later in forming the standard typical light curve of the 
star in question. Assuming that we have the individual 
observations listed in some published or manuscript form, 
we first proceed to compile the table of ten-day means by 
combining all the observations made in each ten-day inter- 
val, let us say from J.D. 2425865 to 5874, 5875 to 5884, etc., 
as shown in Table 1. The mean Julian date, rounded off, for 
simplicity, to the nearest ten-day value, is given in column 
one. The number of estimates used in this ten-day interval is 
given in column two, and the corresponding mean magni- 
tude in column three. Mean magnitudes printed in heavy 
face type denote those which are nearest to the assumed timx^ 
of minimum. 

With the ten-day means at hand we can proceed to the con- 
struction of the standard light curve which will best repre- 
sent the mean of all the individual cycles of variation 
contained in Table 1. A cycle here signifies the observed 
curve from one maximum to the next maximum, or one 
minimum to the next minimum. First, we must decide what 
we shall consider our zero point of reference, or zero phase. 
In the sense here used, zero phase is that particular point on 
the light curve which is taken as the origin for the time 
coordinate, and to which all other parts of the curve are 
referred. 

Ordinarily one would choose the time of maximum for the 
zero of phase for a long-period variable, but for S Ursae 
Majoris the maximum of the light curve is broad and flat, 
and subject to irregular fluctuations which would render the 
determination of the exact time of maximum phase difficult. 
On the other hand, the minimum phase for this star is 
usually sharply defined and therefore its determination is 
much more certain. Accordingly, the time when the variable 
is at minimum has been assumed as the zero point to which 
the individual cycles are referred. 
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TABLE 1 

Ten-day Means — S Ursae Majoris 


Mean 

No, ■ 

Mean 

Mean 

No. 

Mean 

Mean 

No. 

Mean 

Jul. date 

obs. 

rnagn. 

Jill, date 

obs. 

magn. 

Jul. date 

obs. 

niagn. 

24238"-') 

21 

8 . (12 

2626261) 

9 

8.601 

2-:2663(*! 3 

10.88 

3880 

30 

8 . 32 

62"'') 

■! 

8.37 

(.060 

3 

1 1 . 77 

3890 

19 

8.81 

62!if) 

6 

8.48 

6('7(' 



3900 

<1 

9 . (.'■■■ 

6290 


8.4 1 

6680 

,* 

■ 

1 i 

3910 

12 

9 . 48 

6300 

10 

8.21 

66911 

•1 

1 : .33 

3920 

13 

10. ■)2 

6310 


■■.96 

(.700 

) 

10.23 

3930 

6 

1 1 . L3 

632i) 


7 . '.‘‘.S 

6710 

1!/ 

S’ . 66 

39^10 

9 

1 

63.30 

• ! 

'■ . 82 

6720 

8 

8 . '/ 8 

3930 

6 


63';n 

8 

8 . iH. 

(.730 

7 

8 . 37 

3960 

3 

1 i . : 

6330 

S 

8.-; 3 

(.740 

24 

8.38 

59”0 

4 

1 1 . 38 

6360 

9 

8.81 

67 3() 

1 1 

8.11 

5980 

7 

11.6] 

63-0 

4 

S' . : 8 

()760 

13 

H.'iH 

5990 

1 

1 1 .-lO 

6.380 

12 

S' . 8 i 

677(! 

23 

7 . 8 S’ 

6000 

14 

10. 

6390 

9 

1(.'.66 

6780 

18 

7.92 

60 10 

7 

lO.O" 

6400 

10 

H>..S2 

fiV'M' 

13 . 

7 . .^- l 

6()20' 

8 

9.2: 

6410 

1 ; 

r!.23 

6800 

16 : 

8.02 

6030 

20 

8 . ■■■■■ 

r,42o 

16 

1 1 . 6*1 

6810 

13 ' 

8.31 

6040 

21 

8.5*1 

6430 

3 

i 1 .90 

682(' 

7 

8.66 

6050 

8 

8.3-; 

64 •'JO' 

5 

11.90 

6830 

1 1 ■ 

9.01 

6('60 

24 

8.25 

64 .3() 

*" 

12.:59 

(.840 

10 

9 . 29 

60'") 

;9 

8. O' 

6460 

4 

1 ! . 85 


9 ; 

9 . 82 

60 8i) 

6 

'■ . 9“ 

64-0 

5 

1(;.4H 

686(-; 

12 

10.27 

6(i90 

22 

" — 

64 SO' 


16. OH 

6870: 

13 

10. 3 S' 

6100 

22 

' . 86 

6490 

6 

9. ■^3 

68S0| 

! 2. 

1 : .i!l 

6110 

10 

s.-r 

650'! 

! 1 

8 , 92 

6890 ! 

! 2 

i 1 . 3o 

6120 

24 

8 . 3(1 

651 1» 

19 

8.':'i 

6901*1 

14 

I 1.49 

61 30 

23 

8. S3 

6520 

1 4 

8 . 33 

091(1 

U 

u.:m 

6140: 

13 

9 . 45 

65.30 

12 

8.4 1 

6920, 

M 

11.16 

6130 

16 

9. "6 

6540 

14 

8 . 27 

6930' 

14 

10.42 

61 60 

12 

10.29 

6530 

6 

7.75 

694 (i 

21 

9.52 

61 "0 

11 

1 ',1 . "I I 

6560 

16 

-.97 

6950^ 

21 

8 . s'8 

618-) 

/ 

11.-1 i 

65^0 

10 

8.08 

696('! 

13 ; 

8 . (.'/ 

6190 


1 1 . 66 

658') 

3 

8.16 

6970' 

! 3 

8 . 26 

6200 

5 

11.98 

6590 

18 

8 . 66 

69H(i| 

20 ' 

8. 10 

6210 

8 

11.79 

6600 

11 

8 . 93 

6990 i 

•1 : 

7.98 

6220 

11 

1 1 . '^5 

6610 

6 

9 . 22 

70()(i 

10 

7.83 

6230 

8 

10. 9S 

6620 

16 

9.79 

■:'()i(); 

13 

. 88 

62-':0 

10 

10.13 

6630 

10 

10.27 

■'020; 

4 

■7 ')() 

6230 

11 

9.. 2-1 

6640 

2 

10.53 

I 
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The construction of the standard light curve as compiled 
from the individual cycles is shown in Table 2. The first 
column gives the phase at ten-day intervals preceding and 
following the zero phase of minimum. Columns two to six 
inclusive, give the corresponding ten-day means of the 


Days 



Upper — individual curves; lower — mean light curve. 

magnitudes for the individual cycles, found in Table 1. 
The Julian dates in the headings of these columns represent 
the times of minimum for each of the five cycles under dis- 
cussion. Column seven gives the mean of the magnitudes in 
each cycle for that particular ten-day phase, and column 
eight, the average deviation of the individual ten-day mean 
values from the final mean value. 
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This procedure may require some additional explanation. 
What we have done here is to combine numerically the five 
individual cycles into one final standard light curve, and 1 lie 
result is the same as if we had plotted all the curves together 
with the dates of minimum as zero phase, and tlum drawn 
an average smooth curve through the points. Figure 21 
shows the five individual cycles, and the standard curve, 
from column seven of Table 2. 


TABLP . 2 


Mean Light Chrvic oe S Ursai-: Majgris 


J.D. min. 

Phase 

25!)7S 

26206 

2 &m 

26673 

26907 

Mean 

A.D. 

-no 

8.02 

7.86 

8.00 


8 . 02 

7.98 

::i .06 

100 

8.52 

8.47 

8.45 

8.08 

8.31 

8. .37 

.14 

90 

8.81 

8.50 

8.81 

8.16 

8.66 

8.59 

.21 

80 

9.07 

8,83 

9.18 

8.66 

9.01 

8.95 

.16 

70 

9.48 

9.45 

9.81 

8.95 

9.29 

9 . 39 

.22 

60 

10.02 

9.76 

10.66 

9.22 

9.82 

9.90 

. 36 

50 

10.13 

10.29 

10.82 

9.79 

10.27 

10.26 

.24 

40 

10.74 

10.70 

11.23 

10.27 

10.59 

10.71 

. 22 

30 

10.72 

11.41 

11.64 

10.55 

11.01 

1 1 . 07 

.37 

20 

11.17 

11.66 

11.90 

10.88 

1 1 . 36 

1 1 . 39 

.32 

-10 

11.38 

11.98 

11.90 

11.77 

11.49 

1 1 . 70 

. 22 

0 

11.61 

11.79 

12.39 


11.38 

11.79 

. 30 

+ 10 

11.40 

11.75 

11.85 

11.74 

11.16 

11.58 

.24 

20 

10.77 

10.98 

10.48 

11.55 

10.42 

10.84 

.34 

30 

10.07 

10.13 

10.08 

10.25 

9.52 

10.01 

. 20 

40 

9.21 

9.24 

9.73 

9.66 

8.98 

9.36 

.26 

50 

8.77 

8.60 

8.92 

8.78 

8.67 

8.75 

. 09 

60 

8.54 

8.57 

8.71 

8.57 

8.26 

8.53 

.11 

70 

8.34 

8.48 

8.53 

8.38 

B.IO 

8 .. 37 

.12 

80 

8.25 

8.41 

8.41 

8.11 

7.98 

8.23 

.15 

90 

8.07 

8.21 

8.27 

8.08 

7.83 

8.09 

,12 

100 

7.97 

7.96 

7.75 

7.89 

7.88 

7.89 

.06 

+ 110 

7.77 

7 . 75 j 

7.97 

7.92 

7,90 

7.86 

±.08 
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An inspection of Figure 21 shows that the best accordance 
of all the cycles is on the ascending branch, as the star 
brightens after minimum; and at maximum, when the 
observations are usually more numerous. The mean average 
deviation of all the individual curves from the standard 
curve — a measure of accordance — is ±0.19, ranging from 
±0.06 to ±0.36 magnitudes. 

Deriving the Times of Maximum Phase 

So far we have noted the times when the star reached 
maximum brightness only approximately, and by mere 
inspection of the individual cycles. Actually, the most exact 
determination is not so simple. The question as to what is to 
be considered as the time when a variable has attained 
maximum — ^here referred to as maximum phase — has been 
a mooted subject. Some astronomers have considered maxi- 
mum phase as the time when the variable reached its 
greatest brilliance, regardless of the form of the curve, and 
with very little regard to the observations secured on other 
portions of the light curve. Frequently, such dates of maxi- 
mum have been determined solely upon a single observa- 
tion, with the result that there has been a wide discrepancy 
between dates as published by different observers. For the 
present we shall consider the time of maximum as the inter- 
section of the prolongation of a line drawn through the 
bisection of the two branches of the light curve at equal 
magnitudes. In this way, observations over the greater 
portions of these light curves have been utilized. If these 
curves were symmetrical as regards the increase and de- 
crease, and the light at maximum and minimum progressed 
with perfect smoothness, the determination of these phases 
would present little, if any, difficulty. It is when we have to 
deal with asymmetrical curves and peculiarities at these 
phases, that difficulties arise. 
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Fig. 22. — Standard light curve, blrniion method, determination 
of maximum and rninimuni date.';. 


A convenient method of determining dates of maximum 
which has been devised and much used at Harvard, makes 
use of the observations over the whole cycle, ratlua' than 
just those few at, or near, this particular phase. 'I'his proce- 
dure has been referred to as the “standard light curve” 
method, the standard light curve having been previously 
derived from a combination of several observed cycles of tlic 
same star, as described and illustrated in Tabic 2 and Figure 
21 . 

With the standard light curve as a model, and witli tlic 
positions of maximum and minimum located thereon, we 
can superpose the individually plotted curves, or the ten-day 
mean curves, upon our standard curve and read olf tlut time 
of the desired phase. Figure 22 shows such a standard light 
curve with the indicated zero phases. The greatest value 
which can be claimed for this method can be said to be its 
homogeneity. 

Table 3 gives, for o Ceti, the dates of maximum and mini- 
mum as determined by this method for the cycles observed 
during the years 1910 to 1940, inclusive. Column one givtts 
the current number (jV) of maximum reckoned from an 
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TABLE 3 

Observed Maxima and Minima for o Geti 


N 

Max. 

mag. 

J.D. max. 
2400000+ 

Oil- 

Res. 

Min. 

mag. 

J.D. min. 
2400000+ 

Dijf. 

Res, 

346 

3.4 

18874 

343'* 

12 

9.4 

19090 

343^ 

12 

347 

3.5 

19217 

334 

03 

9.4 

19433 

318 

13 

348 


19551 

327 

04 

8.8 

19751 

3.36 

05 

349 


19878 

325 

06 

9.0 

20087 

.331 

00 

350 

3.3 

20203 

330 

01 

8.9 

20418 

323 

08 

351 

3.7 

20533 

327 

04 

8.8 

20741 

318 

13 

352 

3.1 

20860 

324 

07 


21059 

321 

10 

353 

3.8 

21184 

326 

05 


21380 

341 

10 

354 

3.6 

21510 

351 

20 


21721 

333 

02 

355 

3.5 

21861 

317 

14 


22054 

3.32 

01 

356 

3.2 

22178 

330 

01 

9.6 

22386 

331 

00 

357 

3.2 

22508 

314 

17 

9.5 

22717 

335 

04 

358 


22822 

350 

19 

9.6 

23052 

304 

27 

359 


23172 

310 

21 

8.6 

23356 

353 

22 

360 

2.8 

23482 

348 

17 

9.2 

2.3709 

321 

10 

361 

4.8 

23830 

323 

08 

9.2 

24030 

.321 

10 

362 

3.7 

24153 

334 

03 

9.2 

24351 

323 

OS 

363 

3.1 

24487 

321 

10 


24674 

340 

09 

364 

3.0 

24808 

342 

11 


25014 

33{) 

01 

365 

4.1 

25150 

331 

00 


25344 

337 

06 

366 

2.8 

25481 

329 

02 

9.5 

25681 

325 

06 

367 

4.1 

25810 

340 

09 

9.2 

26006 

352 

21 

368 

3.5 

26150 

330 

01 

9.3 

26358 

329 

02 

369 


26480 

336 

05 

9.3 

26687 

331 

00 

370 


26816 

326 

05 

9.2 

27018 

332 

01 

371 

3.4 

27142 

328 

03 

9.4 

27350 

327 

01 

372 

3.8 

27470 

333 

02 

9.0 

27677 

352 

\ 21 

373 

2.5 

27803 

346 

15 

9.3 

28029 

322 

09 

374 

4.2 

28149 

337 

06 

9.0 

28351 

350 

19 

375 

2.5 

28486 

355 

24 

9.4 

28701 

327 

04 

376 

4.4 

28841 

327 

04 

9.4 

29028 

331 

OO 

377 

4.0 

29168 

311 

20 

9.3 

29359 

340 

09 

378 

2.8 

29479 

341 

10 

9.3 

29699 



379 

3.8 

29820 








3.49 

(Means) 

331.4 

8.8 

9.30 


331.2 

8.4 
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arbitrarily assumed epoch, in this instance llx; first ol^servcd 
maximum of 1596. Column two gives the magnitude at 
m^imum, and column three the Julian date of the maxi- 
mum. The intervals between successive maxima (Diff.) are 
given in column four, and the residual, (Res.) found by 
subtracting from these differences the mean value of the 
period, is given in column five. Italics in this column 
indicate that the difference in days is smaller than thti 
mean value. Columns 6 to 9 give the values for min- 
ima corresponding to the value for maxima in columns 
2 to 5. 

The figures in the columns of differences give us an idea 
as to the “period” of the star. By period, we mean the length 
of time required for the star to vary through one complete 
cycle, either from maximum to maximum, or minimum to 
minimum. A plot of the values in columns four and eight, as 
ordinate, and column one as abscissa, will indicate how 
smoothly the intervals between maxima and minima run. 
The mean average deviations are, for maximum, ±8.8 days, 
and for minimum, ±8.4 days, which is not large for a star 
with such a long period as that under consideration. 

Derivation of Period 

Now that we have determined the times of maximum and 
minimum, let us proceed to the determination of that period 
which will best satisfy the observations. For this purpose we 
shall use the data contained in Table 3, making particular 
use of the dates cited at the beginning and end of the tabks. 
For a quick, yet satisfactory method of obtaining the period, 
we subtract the sum of the first two dates of maximum, or 
minimum, from the sum of the last two dates, and divide this 
difference by the difference between the corresponding 
epochs (jV). This is illustrated as follows: 
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Max. Min. 

346 2418874 346 2419090 

347 2419217 347 2419433 

693 4838091 693 4838523 

378 2429479 377 2429359 

379 2429820 378 2429699 

757 4859299 755 4859058 

64 21208 = 331.4 62 20535 = 331.2 

Using this method, the average period of o Ceti is, for maxi- 
mum, 331.4 and for minimum, 331.2 days. A more exact 
value of the average period might be obtained by the 
method of least squares but, in general, this seems to be 
unnecessary for long-period variables. 

Sometimes the plotted differences between consecutive 
maxima, or minima, indicate a steady progressive change in 
period, either a shortening or a lengthening, and at other 
times they even give indications of abrupt or sinuous 
changes. (See chapter on Red Variables.) Some astron- 
omers have, on occasion, represented such changes in 
period by the so-called 0-C curve, in which the epochs are 
plotted against the differences between the observed dates of 
maximum, or minimum, and those computed on an as- 
sumed, uniform period. For example, if 0-C values were 
derived for the data given in Table 3 and plotted as indi- 
cated, the resultant curves for maximum and minimum 
would be those shown in the left-hand portion of Figures 
23T and B. The right-hand portion of the same figure, C 
and D, represents the plots of the differences between 
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Fig. 23. — Period of o Ctrli. 

A, 0-C curve maxima; B, 0-C curve niitiima; C, individual ey<'Ies 
maxima; 2), individual cycles minima. 


consecutive maxima, or consecutive minima, in otlier words 
the lengths of the various cycles. 

The interpretation of these two sets of curves is, at times, 
somewhat contradictory. These particmlar 0-C curves givt; 
the appearance of a sinuous change in period, whereas this 
feature does not seem to be borne out l)y the “difiVn’t'nce” 
curves, which instead, indicate a fairly uniform period, with 
frequent irregularities. The deviations from tlu; average 
period are due, in part at least, to irregularities in tla; varia- 
tions of the star itself, although some of them are also to btt 
accounted for by uncertainties in the detonnination of the 
phases. 

It would seem inadvisable to place too much dep<'ndenee 
on the changes in period as indicated Ity the O-C curves, 
unless these changes are systematic, and frccjiu'ntly re- 
peated. A plot of the 0-C residuals can, liowevcr, he lielpful 
in checking the accuracy of the assumed period and initial 
epoch. The general shape of the curve and the s(;atter about 
a mean value are both helpful in this connection. 
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For rapidly varying stars, or erratic variables which have 
been under close observation, one-day means are very use- 
ful. Such means have been employed in representing the 
variations of the U Geminorum, RR Tauri, and R Coronae 
Borealis-type stars. For short period eclipsing and Cepheid 
variables, groupings for each tenth, or even hundredth, of 
the period prove satisfactory. 

Combining Observations of Short Period Variables 

When we observe a star, such as 5 Cephei or ^r] Aquilae, it 
is often difficult, and at times impossible due to observing 
conditions, to obtain a sufficiently complete and continuous 
individual light curve that will define all its essential fea- 
tures. In such a case observations over several, or even 
many, cycles must be combined to form one typified 
standard light curve. To do this, we must have at least a 
rough approximation to the period of light variation, and 
also assume the time of the occurrence of one maximum, or 
minimum, which can be considered as the principal epoch 
to which we are to refer all observations under discussion as 
the zero phase. This method of combining observations 
made over different cycles into one single light curve is 
virtually equivalent to the superposition of the separate 
curves, only we proceed to do it numerically, rather than 
graphically. 

Let us take a series of photometric observations of the 
star U Vulpeculae as made by O. G. Wendell in 1898 and 
published in the Harvard Annals. The observations extend 
over an interval of about 100 days, and when plotted cur- 
rently, according to Julian date they do not give much of an 
idea as to the form of the complete light curve, yet they do 
indicate that the approximate period is about eight days. 
Wendell assumed a period of exactly eight days (SfoOO) 
referred to J.D. 2414200.470 as the initial, or principal, 
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epoch. A plot of these observations coiiil)ine<l to 

Wendell’s period and epoch is sliown in Figun* 24. An 
examination of this curve .shows that either tlie iissume<i 
period is incorrect, or that tlic initial epoelt was in <‘rrur. 
The maximum of the curve should have. oceun-e<I at tlu' 
zero, or eight-day, phase. 'J’lie low<'r curve in this ligur<\ 



Fig. 24. — Light curves of it Vulperulae. 
A, Period 8‘‘()()0; /t, Period 7‘.'yy():Ui2. 


which represents a second attein])t to find the correct 
period, is based on the epoch, J.D. 242t)4()().2,55, and th<* 
period 7^990362. A notable shift in the pha.s(^ of maxiimun 
between the two curves is readily a|)par<'nt; tlu* {jcriod of 
7^990362 is evidently nearer to the true value. The list of 
computed dates of maxima — called tht; eplunneris is given 
in Table 4; first for the period of S'.'OOO and seetmd, ftrr 
7?990362, with the corresponding numbers of epochs of 
maxima which have elapsed. The ntigativti value's of t'[)oeh 
for the 7‘!990362 period are required because the obstu'va- 
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tions were made many years prior to the date of the 
assumed, initial epoch. 


TABLE 4 

Ephemeris of Maxima of U Vulpeculae 


Period SHlOO 

Period 7^990362 

Epoch 

I'irnes of maximum 

Epoch 

Times of maximum 

42 

2414536.470 

-734 

2414535.309 

43 

4544.470 

733 

4543.300 

45 

4560.470 

731 

4559.280 

46 

4568.470 

729 

4575.261 

47 

4576.470 

728 

4583.251 

48 

4584.470 

727 

4591.242 

49 

4592.470 

726 

4599.232 

50 

4600.470 

724 

4615.213 

51 

4608.470 

723 

4623.203 

53 

4624.470 

-111 

2414631.194 

54 

2414632.470 




The observations themselves are listed in Table 5; the 
observed Julian day and decimal, in the first column, and 
the observed magnitude in the second column. Phases, 
found by subtracting the given J.D. and Dec. from the date 
of the computed maximum nearest to and just preceding 
these dates, are given in columns four and six, as based on 
the two assumed periods, respectively, together with the 
corresponding epochs {N) in columns three and five. The 
phase, in this instance, may be considered as the number of 
clays elapsed between the time of the observation and that of 
the previous, computed maximum. 

The lower curve of Figure 24 shows that there is still a 
need for further corrections to the period. We note for 
example that the point of maximum phase still does not 
occur exactly at the zero, or eight, day phase on the curve. 
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The correction is undoubtedly sniiill, proljubly of the 
of 0^0002, which would lengthen the assumed pt'riod of 
7^990362 by this amount. 


TABL15 S 

OUSBRVATIONS OV U VUI.I'KCIII.AH 


J.D. and Dec, 

Alaf>. 

N i 

Phase 

SJ)00 


iitmr 

2414536.585 

6.89 

42 

0.115 

734 

1 , 276' 

4539.645 | 

7.41 

' 42 

3.175 

734 

4 . :«(. 

4541.611 

7.23 

42 

5.141 

734 


4542.681 

6.78 

42 

6.211 

734 

! 7 . 372 

4545.641 

7.04 

43 

1.171 

733 
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Correction for laoiiT-KquATioN 
When we attempt to observe a particular event, let 
us say the time of the occurrence of an eclipse of one. of 
Jupiter’s bright moons, or for that matter the eclipse of 
one component of a binary system by the other, wc must not 
forget to apply a small, though important, correction for 
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the varying distance of the earth from the planet or star, 
which is known as the light-equation correction. 

In 1675 Roemer, a Danish astronomer, noted that the 
eclipses of Jupiter’s satellites showed a peculiar variation 
in the times of their occurrence, that is the phenomena took 
place cither earlier or later than the scheduled times, 
occasionally by as much as eight minutes. Roemer correctly 
interpreted this discrcpcncy as due to the time required 
for light to cross the orbit of the Earth in its varying posi- 
tions; the light travelling at the rate of 186,000 miles per 
second. 

The same phenomenon, of course, occurs in the timing 
of the light from a star, but it is of real importance only 
when we are dealing with rapid changes in light variations, 
as for rapidly varying cluster type and eclipsing variables, 
when minutes and even seconds must be accurately ac- 
counted for. 

The amount of the light-equation correction will depend 
on the position of the star with respect to the plane of the 
Earth’s orbit; it will be zero for those stars situated on the 
axis of the orbit, and will vary between plus and minus eight 
minutes for stars in its plane. 

Accordingly when noting the times of stellar eclipses we 
must correct the geocentric time — that as observed from 
the Earth — to heliocentric time, as if they were observed 
from the Sun. Extensive tables for quickly computing the 
light-equation correction to be applied to any particular 
variable, at any time of the year have been provided by 
R. Prager. 

Kinds of ’Variables 

Before we take up for consideration the various types of 
variables it will be advisable to discuss briefly the attempts 
at classification which have been proposed from time to 
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time. You will have gathc-rcd alr<-acl>' .som<‘ idea of llte many 
varieties of variable stars which have been fomui and 
observed. You will readily note th<; va.sl diflerenees, in form 
of light curve at least, which exist Irom ty}Je to lype, y<‘t 
withall, you can imagine that then' are sonu' e<)nn<'<'ting 
links between them. 

We have mentioned that the short list of variiibles that 
was known a century ago containetl most of tin* type.s which 
are now recognized as typical classes. 'I'lie added years se<‘m 
not to have brought forth many nt'vv and distiiu't vari<'lies 
for the main types. 

Numerous atteinj)ts have been made to classify vtu'iable 
stars. In 1881 Pickering suggestt'd a classification that soon 
came into standard use. He proi)os('d liv<' groups or clas.ses: 

I Novae IV Short-peri(xts 

II Long-periods V Algols 
III Irregulars 

It can be readily seen how these classc's wer<^ chost'n, if w<‘ 
recall the observed characteristics aln'ady hintt'd tit. More 
recently Class I has been divided into onlintiry novtu' aiul 
supernovac, the former those usually found in our own 
and the nearer galaxies, and the latter those exeeptiontilly 
bright novae which have been obseived, for the most part, 
in the distant galaxies. Pickering later divided Class 11 into 
three groups, Ila, the Mira stars, II/;, the U CJerainorum or 
SS Cygni stars; and Ik, tht; R Coronac Borealis stars. In 
view of later information, Classes II/;, and IL; .shotild not 
have been placed in the long-period class, the oitly excuse 
having been that their demarkations from normal mini- 
mum or maximum light occurred at long, rather than short, 
intervals of time. 

Class III, Irregulars, was made a sort of a dumping 
ground for stars for which no seeming regularity in peri<;d 
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could be found. This class has more recently been sub- 
divided in many ways by other astronomers. Several stars 
that were originally in Class III have been re-assigned to 
other groups. 

Nijland provided three general groups: 

I Regular variation 

a Algol d 8 Cephei 

h (3 I.yrae e RR Lyrae 

c ^ Geminorum / S Sagittae 
II Semi-regular variation 
a Mira 

b U Geminorum 
c RV Tauri and rj Geminorum 
III Irregular variations 
a Novae 

b Other irregular variables (R Coronae Borealis 
and RX Andromedae) 

Among other classifications which have been proposed is 
that of Guthnick: 

I Novae 

II R Coronae Borealis 

III U Geminorum 

IV 7] Geminorum and R 
Scuti 

Graff classified the variables, first according to color for 
the Long-periods and Irregulars, then into Gepheids and 
Eclipsing stars. He apparently was of the opinion that novae 
did not belong in the sequence. His classes were as follows: 

I Red stars II Yellow stars 

a Mira a U Geminorum 

b yU Cephei b R Coronae Borealis 


V Mira 
VI R Sagittae 
VII 5 Cephei and RR 
Lyrae 

VIII Eclipsing 
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III Gepheicl slat's 
a 5 Gcphci 
b RR Lyrac 


I Novae 
II Nova-like 

III R Coronac Borealis 

IV U Gcminoriim 
V Mira 

In their rect'nl ttook, “ 


IV l'k'lijisint> stars 
a AI.nol 
h fi l .yrae 

elassilieatioiis is thaf whit it was 
as follows: 

Vi jU Gephei 
Vil RVlatiH 
VIII LoiiK-jx-riotl Ge|jhei<ts 
IX Short-peritKl Gepheitls 
X Ik'lipsini', 

Variiiltle Stars,” l‘)3H. C. R 


One of the most t'xtt'nsivi' 
proposed by Lttdt'nclorlF in 192H, 


and S. Gaposchkin have elassiiiecl tht' varialtles uinler fonr 
main headings: 


A Geometrieal variables; which inehide Relipsing ;ind 
Ellipsoidal stars, as wt'll as stJirs obsenreti liy nebulae, 
but not involved in them. 

B The Intrinsic, or Great Seqnenet' stars; which inehuie 
Long-period, Semi-regular, ( lepheid ;md ( lluster- 
type stars, and the Irregvthir Red viirialiles. 

C The Cataclysmic varialtles; which inelnile tlte Noviie, 
SS Cygni, and R Coronae BortaUis stars. 

D Extrinsic, or Nebular varialtles; those involved in 
nebulosity. 

In the Schneller Catalogue of Variable Sutrs for I'XV) is to 
be found a listing of types which divides th<‘ ehtsses into 
several sub-classes. There we find Cephekls, EeHitsiitg 
Binaries, Long-Periods, U Geminorutn and Z Camelo- 
pardalis-type stars, those of the R Cbron.ie Borealis-type, 
Novae, RV Tauri-type, Irregular and Semi-regular-types, 
Short periods, and those of Unknown tyix's. The Cejdieitls 
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have been further divided into groups characterized by 5 
Cephei, f Geminorum, and RR Lyrae. 

In summarizing all the classifications, it would seem that 
the following grouping would suffice to include the most 
important types of variable stars, listed more or less in the 
order in which they are discussed in the following chapters. 


Main classes 

Suh '■cl asses 

Examples 

Cephcicls 

^ Ganis Majoris 
Cluster 

Classical 

Semi-regular 

^ Cephei 

RR Lyrae 

5 Cephei 

RV Tauri 

Long-period 

Me and Sc 

Ne and Re 

Mira Ceti and R Camelopardalis 
R Leporis and S Camelopardalis 

Red -gian ts 

Semi-regular 

Irregular 

V Ursae Minoris 
jjL Cephei 

Novae 

Super 

Ordinary 

Recurring 

S Andromedae 

Herculis, 1 934 

RS Ophiuchi 

Nova-like 

Z Andromedae 

U Geminorum 

Z Camelopardalis 

AX Persei 

SS Cygni 

RX. Andromedae 

Eclipsing 

* Algols 

W Ursae Majoris 

13 Lyrae 

Ellipsoidal 

Persei 

RR Centauri 
u Herculis 
f Andromedae 

Erratic 

Rapidly Irregular 
Nebular 

R Coronae Borealis 
Be Stars 

RR Tauri 

T Orionis 

RY Sagittarii 

7 Gassiopeiae 
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Picture if you can a star which Ai.TTiRNATiu.v kxi'anms 
and contracts. The expansions and contractions arc to lx* 
accompanied by fluctuations of ((TUjK'raturc, spectrum, juu! 
brightness. Such is the type of star we should lik<‘ to [n'cscut 
in this chapter. 

Five variable stars, in addition to novaiy were known in 
the year 1784; four of them were long-period vtiriables and 
the fifth an eclipsing star. In the autumn of tluit yetir two 
Englishmen, Pigott and Goodricke, working togellicr in a 
search for additional variables, announced the dis<*overy of 
three others. One of thc.se, Bt'ta (jS) Lyrae, [iroved later to be 
another eclipsing star, with a principal tind a S(H*ond;iry 
minimum. The other two, Delta (3) G('j)h('i and iita (i?) 
Aquilae, were of a new variety and are now recognized as 
members of a vast family of pttlsating varialth'S whicli hiis 
been named “Cepheids,” after the star Deltti Gepltei. 

Delta Gephei itself pulsates between magnitudes 3.6 and 
4.3 in a period of five days and nine hours. We stiy “pul- 
sates” because this term dc.seribes bettt'r than tiny other ilie 
behavior of the fluctuations shown by tht^ star. The rise in 
brightness of the star is rapid, comprising only a third of 
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llic iot^il period. A relatively short time is spent at maximum 
light, while the decline in brightness proceeds smoothly 
and slowly to a minimum, which is usually longer and 
(latter than the maximum. Eta Aquilae has a somewhat 
loiigtT interval between maxima— 7 days and 4 hours— 
and shows a strong wave, or ^‘=still»stand,’^ on the light 
(‘urve Iroin xnaxirnurn down to minimum. It also has the 
cluick rise in brightness, and a slightly greater range in 
iiiagiii tilde. This behavior is illustrated in Figure 25. 



25. Photoelectric light curves of 8 Cephei (Guthnick) and 

rj Aquilae {Wylie), 

The work by Pigott and Goodricke was followed by new 
discxxvcries of Gepheids, to the number of thirty-three by the 
yi'ar 1895. All had ranges in brightness from half a magni- 
tude to a Ihll magnitude, and periods between 2.5 days and 
39 days. Tlien, in 1895, E. G. Pickering at Harvard an- 
nounced that on plates taken at the Boyden Station in the 
higli Andes at Arcxpiipa, Peru, S. 1. Bailey had detected in 
certain globular clusters a number of variables with Cepheid 
cliaracteristics, but with extraordinarily short periods— only 
a fraction of a day. A closer examination of some of the 
brighter clusters revealed that these objects were rich mines 
of short period Gepheids. Within a few years hundreds of 
such variables had been found. 
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These rapidly pulsating elusU-r stars liave light curves 
slightly different fnaii those of the l<aig-|»eri<Kl or classical 
Gepheids; most of them rise with cxtr<-iu<‘ rapidity to maxi- 
mum, in only a tenth, or less, of the totttl pcri<Kl; and they 
have relatively prolonged uilniiua, tluring which phas<- 
the light often remains practically unchang<-d for scv<*ral 
hours. As these peculiar stars lt;i<i la'cn found only in 
globular clusters, they were given th<‘ name of “cluster" 
variables. Their long<'st itcriods did not (‘.xcccd twenty 
hours; they .seemed to lielong to a distinct group as re- 
gards length of period' quite diUcrent from tltc classicitl 
Gepheids. 

At the beginning of the prestmt century Mrs. W. I*. 
Fleming at the Harvard ObservjUory tmnouneed the dis- 
covery of a short-period Gepheid outsitle a globular cluster. 
Its period was not different from llutt <}f a clust<‘r variable 

— thirteen hours in length - and its light curv<’ was alutost 

identical with that of most cluster-ty[)c sttirs. It was ;it first 
supposed that this star, RR Lyrae, had csctiped from a 
cluster, but as more and more such variables were found, 
with no probability of any connection with clusters, tlic id<*a 
was abandoned. As a matter of fact, the rtite of discovery of 
short-period Gepheids outside clusters incn'ased with 
remarkable rapidity, especially when jrhotographic nudhods 
of discovery were applied to the search. Before long, tliis 
type of variable, in our own stellar system, actually tnit- 
numbered in our catalogues the cla.ssical Cttpheids, in spiU' 
of the fact that the classical Gepheids were also being foimd 
in increasing numbers. Today we rceogni/.e alxjut ,'^.SO 
Gepheids of long-period type in our own galaxy, with 2500 
more in the Magellanic Clouds and other outsi<l(^ systems. 
The short-period Gepheids, with well determined periods, 
number 1500 of which more than 600 are to be fovmd in 
globular clusters. 
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Periods of Cepheids 

'rhc shortest period known among Cepheids is that of CY 
Aquarii; it is only an hour and 28 minutes. The star 
Iluetuates between the tenth and the eleventh magnitude, 
and is an easy obj(;ct for rather modest telescopes. It is a 
really faseinaling spectacle to watch it pulsate right before 
our eyes. Wheti it is brightening, you can notice an appre- 
cialile variation in less than five minutes, for it takes GY 
Aquarii not more than a quarter of an hour to change half a 
magnituch^ in brightness. 

Very fi'w variables have periods of less than a quarter of a 
day. Most of the short-period Cepheids have periods be- 
tween 9 and 1 7 hours, with a considerable crowding around 
13 liours; there are very few with periods in excess of 20 
Itours. Only a dozen variables are known to have periods 
bctwcHui 21 hours and two days, except in the Small 
Magellanic Cloud. After this gap in period-length, we pass 
into the realm of the classical Cepheids for which the most 
common ptu'iod is about five days long. The longest period 
known among galactic Cepheids is that of SV Vulpeculae, 
and amounts to 45 days and 4 hours. 

Tlu^ low(^st frequency of periods is around one day and 
tlK'refore one day is usually taken as the dividing line 
betwiHui short-period, or cluster-type, and long-period or 
(• 1 assical Cepheids. 

MxxU*rn research has shown that the Cepheids are subject 
to many different rules and regulations. We shall find for 
tlicm relations between period and form of light curve, 
period and temperature, and period and luminosity; a rela- 
tion between period and radial velocity, and several other 
less important relations of a statistical character. All these 
various relations are, however, more in the nature of sta- 
tistical trends than of exact laws. Cepheids are law-abiding 
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citizens, but tlic'y remain imlivitluals, always resereiiin ihe 
right to deviate from their own laws to some extent. They 
show remarkably, but not perleelK', steatly liglit eurv(‘s; 
their period.s arc much more nearly constant lliaii those nf 
any other gi'oup of intrinsic variables, but they are not 
rigorously constant. All the hiws and ruh-s mentioned allow- 
are followed in a general way by till (leiiheids, but ne\'er 
with ab.solute precision. 

CiiAR.MrrHKis'i'ios or •riiK I,i(iirr C.i'Kvns 

Lotus take, for example, the relation between perio<i and 
light curve. We have reprodiu'cd in I'igure 26 some of the 
best determined ligiit curves th:U <'ould he found, iind 
arranged them, generally, in order of incrciising jx-ritid. 
It was shown several years ago by Li:dendorlf and 1 iertz- 
sprung, from a similar secpience of light <-urves, tlnit theix- 
exists a marked dependence of tlu-ir sliii[)es upon llu- period. 
For each period we fmd a definite [lattern ;md this pattern 
gradually changes in sliape if, st<'p by step, we proceed 
from shorter toward longer periods. For <-xample, our ligure 
shows for the light curve of W CJeminorum, with ;i period of 
7.9 days, a steep ri,se, a .sharp maximum aud a lag iium[! on 
the declining branch. Most Cepheids w'ith periods not I'ar 
from eight days show similar curves, Imt no tistronomer 
would feel too much disturbed if he found :i ( lepheid witli 
exactly the same period as W Geminorum, tmtl with ;i less 
marked hump. The pattern .system holds for otla-r ( lepheids, 
but it represents far from a precise l:iw. 

Another fact emerges from an inspec-tion of Figure 26. The 
continuity in the evolution of the light curvt-s ji|)pear.s to 
break down at four points, corresixinding to the approxi- 
mate periods of 0.43, 1.2, 2.8, and 10 days. Another bretik 
may be present around 0.2 days, but so few stars jire knowti 
with shorter periods that it is still too early to lx- defmitc on 
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this score, Theses l)reaks divide the sequence of Gepheids 
into live niort' or Ic'ss distinct groups. The division however, 
is not very sliari), for as one group fades out, a new one 



Fiff, 26 - Typical light curves of Cepheids. 

Note the Ijixsik in shape and ainpliLudc in proceeding from one group 
to tiie next. All ainpliliuU's art; photographic or reduced to photographic. 


apixxirs, so that the Cepheids near one of the breaks may 
show the characteristics of either group. As an example, we 
may take VX Persei, the last light curve of group IV, and Z 
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Lacertae, the second light curve ofgroui) V, Ixjtli of wiiich 
have a period of 10.9 days, but whose liglit curves kKik 
definitely very diffcTcnt. 

Each of the five groups starts witli fc'w stars, grows richer 
as we approach the; central period and th<‘n gradually fades 
out, as shown graphically in Figure 27, which is not, as ou(‘ 



Fig. 27. — Distribution oj Cepheids according to period. 


may judge at first sight, a sketch of Mtmhattan's skyline, 
but a graph representing the numbers of ( lejilit'ids of suc- 
cessive intervals of period-length. If you simply follow ihtt 
upper line, i.e., the silhouette of the houses, you will liave the 
total number of Gepheids, irrespective of their classes; 
whereas the number of Gepheids within etich group is 
indicated by areas of different shading. 
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I he graph in Ingure 27, docs not include Gepheids in 
globular clusters or in other special stellar systems. We must 
also warn the reader that it does not represent by any 
means tin; real abundance of each group, since we had to 
s(‘lect the stars for whic;h good light curves arc now available. 
It is ('vid(;nt that varial)les with large amplitudes, as those 
of group If, will have; a much greater chance of being dis- 
covt'red and ol)S(;rved than those of group I with very small 
rangx's. We may, tliereforc, expect that the number of 
known variables of group I should be much smaller than 
tiuit of group II, (;v(;n though they might be equally fre- 
quent in tlu; sky. As a matter of fact, in globular clusters 
stars of groups I and II are found in almost the same abun- 
dance. Stars of group III, however, arc definitely rare in our 
part of the galactic system, even when allowance is made for 
tlu; small<;r amj)litudes for stars with periods around three 
days. It is this .scarcity of stars in group III that causes the 
wide separation b(;tween the Gepheids with periods just 
shorter and longer than one day. If the stars in group III 
had luum as numerous as the other groups, probably no 
distinction would have ever been made between short- 
luu’iod cluster and long-period classical Gepheids. 

One of the reasons why our pattern of light curves can be 
considcr(;d to hold only approximately is that the light 
curves of all Gepheids arc not perfectly steady. As an exam- 
[)1(; of such unsteadiness, we may take the star AR Herculis 
with a period of 11 hours and 17 minutes. According to 
J. Baldzs and L. Dctrc, the light curve of this star changes 
periodically, as shown in Figure 28, taking 31.5 days, or 
67 cycles of the light variation, to return to the same shape. 
Quite a few Gepheids of group II show a variable light curve 
and it is very probable that this variation is periodic as for 
AR Herculis, although it has as yet been definitely proved 
only for three more stars (RR Lyrae, RW Draconis and 
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Fig. 28 . — -Four (uptrls of Ihr light curvr of .IR Urrndis dming a 
ryde nj 31.5 dtiys. 

The broken curve is the mean light curve of the variable. (Hnlnv v'" 
Detre.) 

Y Leonis Minoris). Also sonic (k'jihcitls of group 1 seem to 
have unsteady light curves. Long-period ( lepheids of groups 
IV and V, on the contrary, seem to liehavt' very regularly 
and to date not a single star among them has ln'en delinitely 
proved to undergo such ('hanges. 

The rhythm of the light variations, the i>eriod, is not 
always perfectly constant for Clepheids. In [leriodieiiy, as in 
the light curves, short-period Gepheids are less tliscipliued 
than their fellow Cepheids of longer periods. A typical 
example is that of RZ Cephei. According to Prager, this 
star in 1898 was pulsating with a p<;riod of 7*' 24'“ 2B!76, and 
maintained the same rhythm for some years. Then, in 
August 1901, the period suddenly became 3. OH seconds 
shorter and remained at its new value for iifteen years. In 
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November 1916 the period abruptly increased by 4.33 
.seeoiitls, and a st'cxtiid increase of 1.84 seconds occurred in 
Deet'inber 1923, altttr which the period has remained con- 
.sttint to dtite. It mtiy be thought that changes of the order 
of ;i few st'conds in ti period of more than seven hours are of 
no iinporltuiee. But tliis is a mistake; a delay of a few sec- 
onds ('vc'ry st'ven liours amounts after some years to a, 
retardation ol severtil hours in the time of maximum or of 
minimum lirighiness. 

It is not unlikdy that all short-period Cepheids will 
jK-ovt! to have eluinging periods, il they are studied ac- 
eur:it<'ly tJV(‘r :i long interval of time. From a study of 150 
.short-period (kpheids iit the globular cluster Omega 
C lentiuiri, Miirlin linds that 19 of them have certainly under- 
gone elianges of ijeriod between the years 1896 and 1935. 
]''or long-period Gepheid.s the changes in period are not so 
n'h'viint, {jerhaps in part because our observations are 
iKH't'ssarily limited to a much .smaller number of cycles. 
I'’or tlui vt'ry few for which a change in period has been 
t!nmistak:d)ly reeognizc'd, this change seems to be relatively 
smaller thiin in (dusUT-type Cepheids. 

'Fun PKRlOO-I.ttMlNOSITY RELATION 

(l(‘I)heids itre among the most useful stars in the sky. 
'Fodjiy, wlnmever a Clepheid is discovered astronomers can 
determine its distance without much effort. The only thing 
tlu'y hav(' to do is to watch the star long enough for a deter- 
mination of its piT'iod; then if they know the apparent 
lirightness of the star, they also know its distance. Here we 
sliall brudly tcdl how this marvelous property of Cepheids 
was ibund and how it was successfully used to extend our 
knowh'dge of the Universe. 

In the y(!ar 1912, Miss Henrietta Leavitt at the Harvard 
Olrservatory reported on the periods of 25 Cepheids in the 
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smaller of the two brilliant star ckaids of the .southern 
hemisphere that are known as llu* Klagellunie { ilouds. 1 he 
newly discovcia^cl stars had periods Ix-lvveen two and a Imn- 
dred and twenty days. When Miss l.eavitt arranK<‘<l tliem in 
order of inereasing period, she was surprised to find tfial 
she had also, unintentionally, arranged tlunn in order of 
increasing brightnc,Hs. The stars tliat had periotls around 
two days appeared to be of [)hoto,graijhie inagniiiuh' 15.5 
and from there on tlu' brightness of the ( k'pln'ids gratlually 

inerea.sed until tlio.se witli the 
longest jieriods were found to 
be of magnitude 1 2.5. 

'I’he Small Magellanic 
(lloud (h'igun' .3t))e.’cten<i.sover 
only a small angrdar area of 
the sky, and we can, for iinie- 
tieal purpo.ses, consider all 
its stars as being at the same 
distance from us. If we make 
this assumiition we can <lniw 
the conehisioti that the ob- 
.served difh'rence in lii'ightiu'ss 
among Miss Letivilt’s <!eph- 
eids is due to diii'erenres in 
intrinsic brightness, since we can no longer invoke tidilfer- 
ence in distance to produce that effect. Moreover, a diller- 
ence in distance would not easily cxj)lain why the hriglitiu'.ss 
of the Cepheids should vary in the same manner as the 
period. Wc must therefore conclude that the intrinsic 
brightness of a Cepheid in the Small Magidlanie Cloud, 
whatever its actual value may be, depends dir<'ct!y on its 
period. 

If such a law is valid for the Cepheids of the .Sm:d! 
Magellanic Cloud, why should it not hold also for all othtn- 
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Pig. 30.- - The .mall Magellanic cloud. 
(Photographed at the Boyden Station of the Plarvard Observatory.) 


( It'pluMcls? If this W(’:rc so, we may find the actual luminosi- 
tk^s, for W(i would iicckI only to determine the real brightness 
of a fc‘W ( lej)hcids, even of one single Cepheid, and the 
intrinsic I)riglitness of all the others would automatically 
be detcTmiiKxl by our law, which relates brightness and 
period-kmgtlL And, if we know this absolute brightness of 
all Cepheids, then we can also compute what is the distance 
of each of them from the differences between absolute and 
a,|)parcMit brightnesses, in the same manner that a navigat- 
ing officua' miglit tell the distance of a lighthouse if he knows 
its caudk^power* 

In 1913, immediately after the publication of Miss 
liCavitt’s results, Hertzsprung tried to establish a scale of 
absolute luminosities for Cepheids, but his values were not 
very accurate, because of the scarcity of available data. 
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Even the brightesl C Icpheids an* so !ar away that ibr not a 
single one of Uu'iu ha<l the tiistaiiee, ;»k! ihtis the actual 
brightness, been deK-rminecl witii reliability, 'I'lierciurc, 
Hertzsprung had to use statistie.-ii metliutls, based on the 
apparent motions of the ( lepheids, to deterinim* a\-erag<* 

lu!ninositi<'S IVir the group <if 
selt'ctcd varialhe stars. 

In I'M a Shai»ley again at> 
tack('d tlie problein with the* 
larger and belter material 
then available anti siiee(‘etle<! 
in greatly diniinishiii!* the 
uneertiiiniy of f leii/spiuuifs 
results. Miss I,<*avitt’s ])reliin- 
iiuiry peri(Hl-m;tgnitude r<-la- 
tion fur the .Small Magellanie 
Clluud was extende<l liy Sh.ip- 
ley to the ( ;e|)h<*ids of s<'ver;il 
otlier .systems and eonv<‘rted 
into ti relatittn Ix'tween period 
aiul intrinsi<' luminosity, from 
which the luminosity of any (leplx'id in the .sky could 
be deduced with an uncertainty of about htilf :» magni- 
tude. 

Shaplcy immediately retiliy.ed tht; trenu'ndous vtilue of the 
new relation in the study of cosmic struelnre. 'J'lse diseov<*ry 
of a single Gepheid in a distant stellar sysU'm. sm'h as a 
globular cluster or spiral nc'ltula, Imd now lieeome sttlh- 
cient for a determination of tlu* distanee of the system itself. 
Globular clusttTS contain many Gepheitls ;ind w«*re there- 
fore the first to rceeivt; Shajdey’s iitt<*ntion. H<* soon w;ts 
able to publish a paper in which he outlined their <listril)u- 
tion in space and showed that they formed ;t vast, llattened 
system whose center lay in the direction of the eonsiellation 
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of Sagittarius, in tlic region where the Milky Way had its 
gn'utc'st brilliance, (kirrent estimates on the basis of Ce- 
|)hei(l \'arial)lcs place the dimensions of the system of the 
glohuliir clusters at inon* than one hundred thousand light 
years. 1 he study o( ( le])h<nds revealed that the system of the 
globular clust<'rs <lid proljably outline the shape of our own 
grciit stellar system, called the system of the Milky Way or 
(lalaxy, tlu* island-universe composed of many billions of 
slai's of which our Sun is one. 

'Flu' Magellanic (Houcks, the Large one as well as the 
Small, vv<'i'e |■ound to lie at a distance of 90,000 light years, 
already outside tlie boundaric\s of our Galaxy. In 1924, 
Mul)i)le discoven'd several Gepheids in the great spiral 
nebula known iis the Andromeda Nebula and its distance was 
then lixed at about 700,000 light years. Hubble’s estimate 
conlirnu'd what sc'vi'ral astronomers had already suspected: 
thiit the Andromeda Nebula is another huge island- 
tmiv<‘rs(', comiJarablc in size to our own Galaxy. Gepheids 
were Ibund tilso in other bright spiral nebulae, all of which 
prowd to Ix' inch'pendent galaxies, located at immense 
distances from us. Once a base line of one or two million 
light years was <*st;d)lished from the study of Gepheids in 
th(> iK-arest gahixies, there was apparently nothing to stop 
iistrotionu'fs in tti(‘ir new race into space. Farther and far- 
thei- receded the horizon of our visible Universe; one, two, 
three himdred million light years, figures that can mean 
little to us, intuit' tht'ir aiipearance in astronomical publica- 
tions. 'riie greatest distance so far measured belongs to a 
I'aint elustt'r of neliuhu; studied only with the lOO-inch tele- 
scope tit Mount Wilson and it reads 500 million light years. 

1 u't us look a little closer at this famous period-luminosity 
rt'ltition whicli pt'rmittcd such extraordinary exploits. As 
wt' can st't' from Figure 32, the curve has by no means a 
simple form. At its lower end, where appear the cluster- 
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Fig. 32. — The period-hmiitumly re/atitm for (.’epheii/.',. 

type Cepheids, the curve runs practically horizuutal, while 
it becomes almost a straight uj)warci sloping lin<‘ for cljissical 
Cepheids. In other words, cluster-type (lc])h<‘ids httve all 
practically the same intrinsic briglitncss, while the hriglit- 
ness increases steadily with period for classical ( lei>hei<is. 

In recent times, some astronontm’s hav<' begun to doulit 
whether the period-luminosity relation citn l)t' rei)res<"n(etl 
by a single continuous curve. The jiuKUion Ix'twcf'n ( lluster- 
type and classical Cepheids looks more likt; a break than a 
smooth bridging; furthermore, Kvtkiirkin iind Ftircnago 
believe that the continuity of the slope for classical ( le[)heids 
is broken at a point corresponding to a lO-duy period. If 
we look at Figures 26 and 27, we .s<‘<‘ thttt the.se two la-eaks 
correspond exactly to the separation Ix'twecn groups II-III 
and IV-V. This coincidence can hardly tie foiniitous and 
there is ground for the saspicion that the period-luminosity 
relation may consist of as many separate sc'gments ;is tliere 
are groups of Cepheids. 
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But let us pass over these details and proceed to another 
constKjucaice ol the period-luminosity relation. Some readers 
will have wondered why all the 33 Cepheids known in 1895 
were ol the classical long-period type, although we know 
today that the short-period Cepheids are by far the more 
numerous. The period-luminosity relation gives us the 
answer to tins riddle: classical Cepheids are actually much 
l)rigliter than short-period Cepheids and had therefore a 
much better chance of being discovered than the short- 
Ijcriod ones, especially in the days before astronomical 
photograi)hy came into general use. Of the 33 classical 
Cepheids mentioned before, 29 are brighter than the eighth 
magnitude and of these 15 are naked-eye stars. As for the 
short-period Cepheids, even today, in spite of many dis- 
covcric's, only two are known to be brighter than the eighth 
magnitude and neither one of these reaches naked-eye 
visibility. 

T'his disproportion between classical and short-period 
Cepheids rapidly disappears as we proceed to the fainter 
stars in our Galaxy and after a certain apparent magnitude 
has he<'n reached the reverse occurs. Among stars of the 1 4th 
and 15th magnitudes cluster-type Cepheids are predomi- 
nant. 'I'his shows us that in a given volume of space short- 
period C(“pheids far out-number those of the classical type. 
>Since they are relatively faint, cluster-type Cepheids must be 
relatively close to us to be within reach of our instruments, 
whik; the brighter long-periods can be observed at greater 
distances. Now, if in spite of this fact short-period Cepheids 
are the more inmuTous, they must really occur much more 
freciuently in space. 

The Physics of Cepheid Variation 

Up to this point we have considered Cepheids only from 
the point of view of their light curves, periods, and luminosi- 
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ties. It is time now to turn our intercsl to souk* of tlu-ir 
physical characteristics. 

If we compare the visual and pholograidiic liglil curv<‘s 
for Delta Ccphci, we note that tlu' observetl rang<' in varia- 
tion lor the visual curve will l>e considerably less tluui tljal 
for the photographic curve; agaittst Tri. This difl'er- 

cnce in range for Delta CeplKa is due to a change in ctdor 
during the light variation. At niiniinum the star appears 
redder than at nuiximum, and since ordiniiry jdtoioe.rapbic 
plates are practically insensitive to red light, the drop in 
brightness from maximum to miniimmt light aijpears 
larger on the photographs. All Cepheids show th<' same 
effect; the photographic range, as a rule, is one and ;t half 
times as large as tlie visuttl rttnge. 

A change in color corresponds to a chang<* in tcnipei'alure, 
and it is not difficult to compute from the observed diita tliiit 
the surface temperatures of ( lepheids are about HKHl degrees 
lower at minimum than at maximum. 'This is no small 
amount, when cxtmpared with tladr avertige surface tem- 
peratures, which range from 4.St){) to HOtlO degrees. The 
average surface temi)enitures are not distrilaiU’d at random 
between t:he.sc limits, 'fhere is a dehnitt* deitendence of 
temperatures upon period, and the g(“n<*ral rule is that the 
stars with the longest periods are th<* cook'St. Since tempeni- 
tures arc directly conntx'ted witli spectral cla.sst-s, we can 
express this relation by saying th:it the sja'ctral class of a 
Cepheid is dependent on tin* length of its period: tla* longer 
the period the later is the sixx’tral ehiss. 

Short-period Cepheids have /1-type spectra :rt niaximum 
brightne.ss and /'"’-type .spectra at minimum; for inter- 
mediate periods — say four or five days the spectra vary 
between Fand G, while for tho.se of very long period, thirty 
or more days, the spectral limits are Ixdween G and K. 
This period-spectrum relation is especially important in 
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view of the Icict tliat a similar relation is found among the 
long-piaiod variables of the Mira Geti class; which will be 
treated in tlie next chapter. In Figure 33, the plot is ex- 
tended so as to include also the Mira Ceti stars. 

'Fhe sp(x:tra oi Cepheids, like those of the great majority 
()1 stars, consists of a bright continuous background crossed 
l)y muruTOus dark lines which have been recognized as due 
to the })resence of hydrogen, iron, calcium, etc., in the 
atrnosi)h(*r<"s. II we determine the exact wave-lengths of 
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these lines and compare them with the wave lengths of the 
same lines as measured in the laboratory, we see that they 
usually do not exactly coincide, but differ by a fraction of a 
wave-length unit. This phenomenon is common to all stars 
and it is well known that it implies motion of the star, or at 
k>ast of its radiating surface, in the line of sight. According 
to Doppler’s principle, we must observe a shift of the lines 
toward the red end of the spectrum when the light source is 
receding from us, and a shift toward the violet when it is 
approaching. What is more interesting is that in Cepheids 
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the line-shift docs not remain (“onstant, i>ut vari<‘S rhythmi- 
cally in the same period as that of the light variations of the 
star. There is only one possible' exj>lanation of tlje obse-rved 
phenomenon, which sce'ins vt'ry logietil in view of tlie light 
variations; namely that the surhu'e of the star allernat('l)' 
expands and contracts and that this me'chanism jiroduee's 
the fluctuations in Itrightness. 

To be sure, other hypothesc's Inul la'cn proposed in tlie 
past such as that the line-shifts were tine to a second star 
revolving around tlx' ('.('{iheid in a p<’riud etpuil to that of 
the light variation. But it was .soon shown that sueli a 
hypothetical companion would be r('<|uiretl by the observa- 
tions to move inside the (lepheid it.self in ordt'f to eom|)lel<' 
its revolution in the short time of the light variation. 

That a pulsation of th<* star as ti whole was possible and 
reasonable was suggested first in 187‘J liy Ritter. He sttp- 
ported his views with a sound physical and math<'matietii 
treatment of the problem a treatment that eontttins nuuiy 
basic points of the modern theory. But Ritti'r's work set'uis 
to have had little effect and it was not until in lbl4 Shapley 
exposed the absurdities of the double-star liypothesis. thitt 
most astronomers were ready to consider the puLsation ide;i. 
Finally, in 1919, Eddington pul>iishe<l his famous p;tp<'rs 
which gave the pulsation theory tlie stuu'tion of a thorough 
analysis. 

Eddington imagined that the star would pulsate tin a 
whole under two opposing actions: gravity, whieii would 
tend to contract the star, and the pressure of tlie ga.ses com- 
posing the star, which would tend to expand it. As tlie star 
contracts, the gas pressure must increase, wliich should 
cause a rise in temperature with yet a further increase iti gas 
pressure. Driven by inertia, the star contrjicls Ix'youd its 
normal condition of equilibrium, which is the si‘/e that it 
would have had if it did not pulsate, until a minimtmi size 
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is rciu'hcd iuid Llicn, because of the steadily increasing gas 
pressiuxi working as an oi)2)osing force it starts to expand. 
During tlie cxijansion the reverse process would take place: 
llie i)rcssurt; diminishes and with it the temperature, and 
(his contiimcs until the 23 rcssurc, together with the inertia 
of the gases, could no longer continue to hold the upper 
hand over (he: force of gravity. At that point the star should 
reaieli its largest size and must start collapsing again and a 
n<‘w cyc-le would thus get under way. 

In tins model ol a jmlsating star the greatest brightness 
would be reached when the star attains its smallest size. 
At lirst this looks like a {paradox, but if one remembers that 
the brilliance of the star’s surface varies as the fourth power 
of the temj)erature, it can be visualized easily how this 
increased brilliance can, when the star is smallest, over- 
eompensatc the loss of radiating surface. 

'I’he pulsation theory gives us a clear picture of the varia- 
tions in temperature and is quite consistent with the ob- 
served ranges in brightness and velocities in the line of sight. 
But its most remarkable achievement was the prediction of a 
[jeriod-clensity relation for Cepheids. Eddington’s theory 
requires that the product of the period and the square root 
of the dc:nsity, that is the mass or weight of the star divided 
by its volume, be nearly a constant for all pulsating stars. 
'I’his is jjreciscly what is observed; Eddington, C. Payne- 
( laposchkin, and Siedentopf have shown that this product 
has similar values for all Cepheids. Mrs. Payne-Gaposchkin 
finds that the rule extends also to the long-period variables 
of the Mira Ceti class, which probably are part of the great 
family of i>ulsating stars. 

In si)ite of the successes, Eddington’s theory failed to 
account entirely for some observed regularities. We should 
expect the star to reach its greatest size at minimum bright- 
ness and its smallest size at maximum. Therefore, at min- 
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irnum and at maxiinuiu tlu* smiiitx* tii tlu' star should !h* 
just in balance, neither expandiMt> nor e(mtraeting. VVliat 
we observe, instead, is the grixilest velocity of expansion at 
maximum and the greaUst veI(K'ity of eontraetion at luini- 
mum. If we plot the observed vtdoeities in the line of sight 
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Fig. 34. ■ (turves of It' Sogittririi. 

Photographic liglu curve by Voute (upper) aiul radial velucity curve 
by (lower). 

for a Cepheid and compare the griijth with tlie light curve, 
we have two curves that look very tnueh .alike, s<'e higure .‘14. 

A successful attempt to explain lh<‘ above diserepauey was 
made in 1937 by M. Schwarzschild. He imagines th.at da* 
outer layers of the star can not follow tlm jntlsaiions ol' tlie 
core with the same rhythm. This will katd to wtives running 
outwards from the interior very much in tlu; way that ih<‘ 
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succu"ssivt‘ (‘x.]);m8i()iis and contractions of a submerged 
rubt)er l)all()()n will cause waves in a pool of water. At the 
nionumt wlien one of these waves reaches the star’s surface, 
we should (^x|)e(‘t to observe the greatest brightness of the 
star l)ec'aus(^ we shall then have the greatest pressure in the 
star’s atinospluaax On the other hand we should also ob- 
s(‘rv(' thcMij th(‘ grctUest velocity of approach of the stellar 
surlac<* whicli is j ust what we were looking for. 

^l1)ulnbs down, then, on Eddington’s theory? No! That 
would l)e too much. Ikldington’s theory still works per- 
fectly well for die star’s int(Tior; we may even say it works for 
tlu" gr(xU(‘r ])art of die star, which also, according to 
Scdiwarschild, i>ulsates as a whole. Only in the outer layers 
does Sc'hwar/.st'liild suggest a sensible departure due to the 
fornnition of running waves. 

"Fuk Dis'I'ribution of the Cepheids 

H(^for(" we abandon the Cepheids, let us look at their 
distribution in siiace. Classical Cepheids are found almost 
(^xclusively in the Milky Way or in a narrow band on both 
sides of it, <uk 1 (liis tendency to stay near the Milky Way is 
most jrnjiKiiiiiccxi for the stars with the longest periods. One 
of tlu* i)ro|)('rties of our galactic system is that it rotates 
around a distant center. The Sun, which is one of the two 
luindr<Hl liillion stars of our galaxy takes 200 million years 
lo coni|)l(de a circuit at the speed of 150 miles per second. 
Tlie <‘lassi('al (k^phtads run perfectly on schedule in this 
(mormons nunTy-go-round, only, as is customary for such 
massiv(‘ stars, tlu^y follow a circle around the center even 
more closely tlian tlie Sun. 

ClusKu'-type C’epheids, on the other hand, show in their 
distribution tlieir more capricious character. They are found 
practically (werywhere in the sky, with only a mild con- 
centration toward the Milky Way. As for their motions, 
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they shoot in all [) 0 ssil)l(> clireetions, .sometimes goiiitt, i>t 
terrilic speeds and continually breakini> the trallie regula- 
tions or regularities of the galaxy. It is inter<"sting to note 
that the globular clusters, the stellar systems in whieii such 
variables abound, beluwe. similarly. They show only a slight 
concentration toward the Milky Way and have high ran- 
dom velocities. Evidently tltere must lx* more than a casual 
as.sociation between globuhir elusters and cluster-type 
variables. 

It almost seems as if the i»roper place for short-period 
Cepheids is in globular ehist<‘rs. 'lake, for extuuple, the 
famous globular cluster calk'd Omega (lentauri. Of its 1.S4 
well-studied varialtk'S, all but art' short-perioti Oeidieids 
of groups I and II in Figure; 26. (Tiie 13 exeejaions tire thus 
subdivided; two cla.ssieal (leplieids; one long-period vitriti- 
ble, probably a foreground star; .st've'ii semi-r<-gular; and 
three irregular variables.) The inten'sting fetiture is that in 
this globular cluster groups I :md 11 do not overht|> in 
period, nor do any of group II exe('<‘d 1.3.S days in period- 
length: with the excejHion of only one st:ir, all ( le|)heid.s (jf 
group I have periods shorter than ().4H thtys tmd all dt'- 
pheids of group 11 have kmger [X'riods. In antnher glolailttr 
cluster, Me.ssicr 3, wc also find tltc .same shar[» s(*p;inition 
between groups I and II; but instead of oeeurring at 0.48 
days, the division falls at 0.43 thiys. It looks ;ts if tlte two 
groupings were separated at slightly different p<'riods in 
different clusters. If on tlu' other hand we consider tiu' 
general run of the short-period Ck'pheids (that do not tjclong 
to globular clusters), we find a considenible overlai)ping 
of the two groups, as if the stars had Iteeit picked out frotn 
different clusters and then mixed together. 

The different behavior of short-period ;ind long-jx'riod 
Cepheids is perhaps not .so .surprising when we eonsidi'r their 
respective dimensions. A typical short-period (:ei)h('id, iV>r 
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(‘xamijlt* RR I^yiac^, has a diameter of seven times that of the 
Sim, wliih' a classical Cepheid with long-period, such as 
1 ( larinae, exceeds thi; sun in diameter by not less than 200 
times. I hat makes 1 Clarinac 25,000 times bigger in volume 
tlian RR Lyrae. 1 iOng-p('riod Gepheids are, intrinsically, 
very liright ol)j('Cts. If 1 Carinac were placed at the same 
dislancx* as Sirius, it would appear of magnitude —6, about 
live' time's brightcer than Venus at maximum brilliancy and 
60 time's Ijrighle'r than Sirius itself. 

'rni'', Beta Ganis Majoris Stars 

The vast family of Gepheids includes many close and 
distant re'latives. A group of stars which is directly related to 
tlu^ Ge'jilu'ids, so that its members could well be called their 
stepbrothi'j's, or eveen regular brothers, is that of the “Beta 
Ganis Majoris Stars.” Only very few, about a score, of these 
stars are' known to date, but that does not mean that they are 
lUKXissarily very rare. What makes their discovery difficult 
arc their e'xtre'inely small ranges in brightness, which never 
exeex'd a epiarte'r of a magnitude and in most cases amount 
to only a few hundredths of a magnitude; some stars of the 
group sliow no variation whatever. Those stars, although of 
apparc'Utly constant light, are none the less variable stars 
because of a variation of a more secret nature. 

The chief charactca'istic of the Beta Ganis Majoris stars 
is not their light variations, but the variation of the apparent 
velocuty in tlui line of sight, revealed by a periodic shift of 
tin; lines in the spectra. Close double stars also show such 
variations of radial vclodty, but with these peculiar 
Gepheids we ar<^ certain that our stars are not double be- 
cause (1) tliey show only one spectrum, and (2) the varia- 
tions in velocity are not perfectly regular, as in orbital 
motion. Astronomers believe that the cause of the phenome- 
non is a pulsation, as in regular Gepheids, because the Beta 
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Canis Majoris stars, wliich slanv varialtlc liftht, liavc the 
greatest velocity of tippruach at nitiximiiui Ijrightness tuid 
the radial velocity curve tigaiii runs p;tr;illcl to the liglit 
curve. Beta Clauis Majoris stitrs li;i\'c till vert* short periods, 
from two and a half to eight luairs, <'xeept that Itpsilon 
Ursac Majoris has ti period of almost ;i day. Since tdmosl ( he 
only ways of deteetiag the varitthilily are spi-cti-oseojiic, or 
with the aid of the [thoto-eleetrie cell, it is di!li<‘ult to dis- 
cover the fainter memliers <jf this class. Among the lirigliter 
members we find such good acc[uaintanc<-s tis Beta ( !e|)iici, 
Beta and Epsilson Ursa(' Mtijoris, (hmima Bootis, tind Ih-lta 
Aquilae. 

Beta Canis Majoris stars arc mostly bluish-white stars of 
spectral class li, and it is inier<'siing to note that their 
spectra arc* just wlnit tliey should he according to tin' [leriod- 
spcctruitr relation for Cephtdds. It has been suggt‘st<'d thtil 
they may actually be ;i group of regular ( !<>pht“ids, an addi- 
tion to the live-grout) ‘diain, coming before grout) I in the 
series illustrated in h'igure 26. 

litK W VlKCINIS S'l'AKS 

The Cepheid family hits ;i few la'odigal sons. 'I'he tnost 
conspicuous among them, VV Virginis, is, il' we judge by (he 
name alone, {terhaps even mort' like a itrodigal <iaughter. 
This star, whose period is 17 days, has the period, am|)litnde, 
spectral class, and steadiness of light curve jn'oper to (;<•- 
pheids. Its light curve, however, (Figure ?i5), do<‘,s not lit in 
the sequence of Figure 26 and moreover the star has two 
peculiarities. First, Itright hydrogen lines a|)pear in its 
spectrum on the rise to ma.ximum, iuui second, its position is 
57 degrees distant from the Milky VVtiy, a strange plttee for Jt 
Cepheid with such a long period. 

In the globular cluster Omega Centauri we lind another 
star, with a period of 15 days, who.se light curve is almost 
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identic'al with that of W Virginis. Three raore stars, in dif- 
Icix^nt i)<u1s ol the sky, all with similar periods have recently 
l)(H*n J()inKi to show analogous characteristics. The meaning 
of tins group ol strayed c[uasi-Gcpheids remains, for the 
|)r('sent, a mystery. 



Fig, 35, Pholagr((pliic light curve of W Virginis, 

{S, Gaposchkin,) 

Tim RV Tauri Stars 

Mon^ loosely ix^lated to Gcpheids are the so-called RV 
"I'anri stJirs. 'TlH''y are usually classed together with the semi- 
rt^gular varial)les and there are many good reasons for doing 
so. On tiK‘ other hand, these stars also show many Gepheid 
charaet(a1stics, so that the confused classifier remains in 
doul)t as to when^ to place them. We mention them here, 
l)e(xiuse we tlnnk that the reader, with the notions about 
Gepheids still Irc^sh in his mind, will better recognize the 
links tha t join tliem to the Gepheids. 

For sonu^ mysterious reason, the name RV Tauri seems 
to liavi*: liad a spcxual a[)pcal for many persons interested in 
variable star astronomy and it was almost a fashion, about 
te*n years ago, to call any semi-regular variable with some- 
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Ini’, .id Linht turn' nf RV I'lmn fflJ( RUd. 


what indefinite eiiaraelerisiies an “RV 'I'aiiri Star." Vari- 
able star cataloK'iK'S adopted the elassiiieaiion of these 
indefinite stars, relyini*' mainly upon the authority of pre- 
liminary investigators, and the result was that all kinds of 
heterogeneus objeels, many ipiite unlike typieal RV Tauri 
stars, were class('d as sueli. It was almost its if so-e;illed RV 
Tauri stars were those which did not Viiry its does RV Tiiuri 
itself! 

RV Tauri is very tyitieiil of the group its we limit it todity. 
The light curve is illustntted in I’igure 36; we see thitt it 
consists of a semi-regulitr fluetuiition with a 79 dity period 
during which tiiere are two nuixima of ithuost eciuiil lieiglil 
and two minima of unequal depth. This double lluetuiiiion, 
averagingjust about one magnitude in eiteh cycle, is super- 
imposed upon a slower wave of 13l)(l d;iys with it vitriitble 
amplitude. The amplitude of the 79 thiy oseiilalion grows 
smaller when tint 13lK)-d;iy wiive reacltes its minimum, iind 
the disparity between the two mininut is then grcittly 
reduced. The spectrum of RV 'lattri belongs to ehiss K ;md 
varies considerably from maximum to minimum, thus 
conforming to (Vpheid ijnictice. 

The light curves of tlte other R V Timri sfitrs dtt not neces- 
sarily possess all the chariicteristies exhiliiled Ity tlieir proto- 
type. In some of them the longer wave lUity not I te periodic, 
or it may even be completely absent, and in otliers f!i<‘ <!if- 
ference between primary tincl secondary minimum niiiy !«• 
very small or non-e,xistant. Their chief common chiiracler- 
istic lies in their Gephcicl-like spet'tra. An important point to 
stress is thatRV Tauri stars conform to tlu* period-spectrum 



Pulsating Stars 


89 


relation for (Icijheids, when we take as their periods the 
iiitervtil t)etw<*('n two successive maxima or minima, 
irrc,si>cctivc of tlicir height or depth. As a matter of fact, the 
doulilt^ periodicity is not of a very rigorous nature even in 
such stars tis R Sagittae and V Vulpeculae (see Figure 37), 
wliieh exhil)it it very markedly. This is shown by the fre- 



Fig. J7. Light naves oj semi-regular variables related to Cepheid 

elass. 


1. .SX Oulauri; 2. V Vu1[m-cu1:ic; ?>. R SaKittae; 4. U Monocerotis; 
.S. R Sculi (iwii .swtiinw). 

qnent interehanges that occur between primary and second- 
ary minima. l'V)r :t few sttirs, as U Mono<x;rotis (Figure 37), 
these iiUerehangt's occur ev(‘ry three or four cycles, but in 
other sttirs, tis 1)F ( lygni, they tire very infrequent, if present 
at all. 

Delini'd as aliove, only 2.S stars appear today to belong to 
the RV Tauri group. In spite of the differences in their light 
curves, they seem to form a fairly homogeneous group. The 
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spectra at certain phases of their liKht chaut-cs, of ehar- 
acteristically bright emission liiK's, due to llie radiation of 
hydrogen. Whcniever we (ind these l)right emission lines in 
the spectrum of a nsi star, we can l>e practically certain 
that we have at htind ;i variable st;ir with long {teriod. If, 
on the other hand, th(‘se emission lin«‘s are aljsent, or very 
weak, in a red gitmt star, we sludl lintl that such ii star will 
either be non-vari:il)le, or that it will show very small 
fluctuations in light of semi-pt‘riodi<‘ or ernttic natur<*. Tims 
the M-type stars can tilso be divided into Iwtj distinct classes; 
those with strong and tliose with w<‘ak, or no liydrogen emis- 
sion lines, which are classed its semi-regnlar or irregnlar red 
variables. 


'fttK Lon(! Fekioo V.Mti.vtit.ns 

Wc have already mentionetl in the lirsi chapter that Mira 
Ceti was the first star to he definitely estaltlished as period- 
ically variable. Its brightne.ss oscillates, generally, between 
the third and the ninth magnitudes within a peritHl of eltwen 
months. Today we are eogui/ant of the esislanee of tnore 
than 1300 stars which pre.sent the .same ])alt('rn of variation 
as does Mira Ceti. Such stars art' variously referred to as 
“Mira” or “Mira Ceti” stars, but more generally they ant 
known as “Long-Period” variahlt'S. The term “long-perttKl” 
refers to the fact that sucli stars reqtnrt' months to go through 
their compl<^te cycle, of variation, Imt wt' must warn yon tliat 
not all long-period variables ai'c exact comvtt'rparls of Mira 
Ceti. 

Most long-period variables have periods iK'tween 201) anti 
400 days, with the greatest number oeeurring artmnd the 
275-day period. There arc, however, tjuite a few varialrles 
with periods that fall outside theses limits; they range from 
W Puppis with a period of 120 days U) RU Lyiieis with a 
period of 728 days. Only one other long-period star, Liar- 
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very different light curves. 

T Gcminorum (upper); S Geminorum (lower). 


varcl Variable 10446, discovered by Mrs. Mayall in 1940, 
lies well outside these limits, with a record-breaking period 
of 1380 days. 

Long-period variables present a wide variety of light 
curves. We have already noted the same for the Cepheids, 
for which there appeared to be a definite correlation be- 
tween the length of the period and the form of the curve. At 
first glance, there appears to be no definite relation between 
period and light curve for the long-period variables as a 
whole. Let us take, for example, a group of stars with periods 
around 300 days. V Ophiuchi, (Figure 45), period 299 days, 
presents a curve with broad maxima and sharp minima. 
Contrast this light curve with that of T Hydrae (Figure 39, 
third curve) which has a period of nearly the same length 
(290 days), but which has sharper maxima, and a halt, or 
retardation, on the increasing branch of the curve. Again 
let us look at the curve of S Geminorum, period 292 days, 
which has a steep rise following a flat minimum; and at T 
Geminorum, period 289 days, which shows a flat broad 
maximum (Figure 38). Truly, here we appear to haVe a 
veritable hodge-podge in light curves for approximately the 
same length of period. 

The apparent confusion is clarified to some extent if 
wc separate the variables according to spectral class. 
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V Ophixichi, an exlrcninly red star, isofsiwctral flass.\, witli 
strong carbon-coinpound hands. '1' Hydni(' and S Cjcmi- 
nonini have Af-type spectra, \vh()s<" priiu'i|iai eluiraeierislic 
is the. titanium oxi<ie I)ands, while for T ( ieininurum we 
find bands whieh art* due to zireonium oxi<i<\ wiiieh <lesig- 
nates it as of si)eetral class ,V. 

Ninety per cent of th(‘ longiK-i'iod varial)les belong to 
spectral class M, perhai)s more* siiilably called Mr because of 
the presence of the bright ('mission lines. The reniaining ten 
per cent is about (‘(|milly divichxl between the St\ .W, and 
Re spectra. Let us ttike a look tit (‘tieh eltiss in tinm, starting 
with stars witlt Me speelnt. 

CHARACtTEKlSTICS AND latJin' (ItlRVES Ol'' .i/('-S‘lARS 

Mira Ccti stars those with Me sin'ctrii- "usually htivn 
very large amplitudes of varituion when ol)served visuttlly, 
varying from a minimum amplitiuh* of four magnittuh's, for 
Z Scorpii, to a maximum of nearly t<'n magnitudes for ( Ihi 
Cygni. A group of about tw'O dozen AA'-stars whieh h.avi! 
smaller amplitudes, as well its some <aher peculiarities, w’il! 
be considered lattm. 

The light eurvt'S of Me-sttirs present widely dilferent 
forms as we pass from one star to tmother. ’I'la'y m:iy extend 
from curves with wide mtixiiiui and narrow minima, 
through those with maxima and minima of similar shtipe, to 
those with sharply defined narrow maxinui ;md hrottd Ihit 
minima. 

While the same varialde will, on the iiveriig(', re{)ejit itself 
with a fair degree of exae.tnt'ss as rcigtirds llw' gx'nt'ral slitipt' of 
its light curves, there are small divergences front stormal 
between different cycles, msiinly dept'udent on the Itriglit- 
ness attained at dilferent maxima, as well as at minimti. 

A further instability is found in the tinu's of arrivtil at 
maximum and minimum light, and in the ttppetiranee, on 
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occasion, of secondary waves, or “humps” on the ascending 
l)ranch of the curve. These humps, which are a prominent 
feature in the light curves of some stars do not always ap- 
pear at the same part of the light curve, and may even be 
absent during a particular cycle of variation (see the light 
crurve of T Geminorum in Figure 38). The descending 
])ranch of the light curve is usually free of secondary 
inflections. 

For long-period variables with periods shorter than 200 
days we find the greatest change in form of light curve from 
cycle to cycle. Individual maxima and minima may differ 
appreciably although the average light curve may not show 
any pronounced anomalies. The ascending and descending 
Irranches of the curves are approximately equal, and the 
shapes of the minima are not radically different from the 
maxima. The average range in brightness is five magnitudes 
(see light curve of X Camelopardalis, Figure 39). 

For those variables with periods greater than 200 days 
there appear to be two distinct groups. For one of these 
groups we find a number of variables with humps on the 
light curve which become increasingly more pronounced in 
those varial)lcs for the longer periods. Maximum and mini- 
inurn maintain approximately the same relative width, and 
the amplitude is also about five magnitudes. 

The variables in the second group at the start of the series 
’ at: the 200-day period — differ only slightly from those 
Ibimd in the first group, but as the periods become longer 
the diflerences become more pronounced. The minimum 
becomes increasingly flatter, the increase to maximum 
l)ecomes steeper and the maximum becomes decidedly 
narrower. At the same time the range in light variation 
increases with increasing period, attaining some seven or 
eight magnitudes for those variables which have excep- 
tionally long periods. Frequently a still-stand developes at 
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the beginning of the ris(* to innximiim. The \’ariii!>!(*s in itiis 
group arc far more nuiiK'rou.s fhnn iliose round in tite first 
group. The diffcnuices Ik^Iuhhui tlu' (wo st*rit‘s is grnpliieaily 
illustrated in Figures 39 and 40. It is possildt* tliat tlu^ iirsf 
of these two groups l()r stars with periods grtstier tlian 200- 
days is the natural (Extension Irum llu* variat>{t*s with periods 
less than 200 days. 



Fig. 3Qr Firsi group of long-pniod vuriahlrs ivith Mr spntrri. 
As the pcriac! iiic.rcas(*s, the wuvr on the aHeending tjraaeh grcnvs 
more pronounced, but the amplitude dtK’H not (iriiige, 


One of the outstiuKlingft'aUircs of the C iepheitfs, esj K-eially 
the classical Cephekls, is the regularity with wliieli (he light 
variations repeat themselves, not only in length ofh'yele, lait 
also in the range of the variation; whirh, of rourse, iiHains 
that the light curves arc praetituvily identical over years. 
Such can not be said to hold rigtjrously for the kaig-period 
variables, and perhaps we should not expet't (he Mira stars 
to behave as well as the Cepheids. 
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Although, in a general way, a long-period variable fol- 
lows an average form of light curve from cycle to cycle, yet 
there are distinct variations. The deviations occur mainly at 
times of maximum brightness. As a rule the sharper the 
maximum the greater the divergence in magnitude at the 
maximum stage. Such a marked diflference in magnitude 
at maximunr light is particularly noticeable in V Delphini 
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— -Second group oj long-period variables with Me spectra. 


As the period increases, the ascending branch grows steeper, the 
nuixinui narrower and the amplitude larger. 


(Figure 41), when at times the brightness exceeds the ninth 
magnitude, while at other times it barely attains the twelfth 
rviagnitude. When the minimum is sharper than the maxi- 
mum in a given curve, it is the minimum brightness that is 
subject to the greatest variations from cycle to cycle. 

The magnitude at maximum brightness of Mira Geti itself 
has varied between the second and fifth, while the minimum 
magnitudes have ranged between eight and ten. For this 
particular star we know that there is a companion, which 
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Fig. 41.- ■ Light airvc of I ' Dflphim fnmt 1T.7 In IfUS. 


is, in all probability, also varialilc, an<l wliicli may a<-<-()unt 
in part at least, for the clillerciiees at miaimiim ljri. 4 litii<-ss. 
Chi Gygni has also been known to attain magnilitde 3.6 at 
some maxima, while at other ma.xiina only 6.8. These 
variations in height follow no apparent mk*, but seem to 
occur purely at random. 

Periods of A/c-Si ars 

Not only arc variations in briglitne.ss at ma.Kinmm very 
noticeable, but we find that the k'ngth of the eyeles l)etvv<‘en 
maxima or minima, are also subj('<'t to eonsiderahle valua- 
tions. One could hardly expect such unsteadily ehanging 
stars to have perfectly constant [leriods. Apart from acci- 
dental accelerations and retardations in the times of maxima 
and minima, due to changes in tiu' shap<* of the light curve, 
almost all long-period variables show small irn-gular 
fluctuations in the length of individual eyc-les, oseiHating 
more or less at random around a mt'ditm value. 

Chance, as everyone knows, plays all .sorts oftjueer tricks. 
If you throw dice, on one night they will show ;i pis'ferenee 
for high numbers, on another niglit twi'lves simply will not 
show up. Something of a similar natun* may hiippen in the 
random variations of the cycles in our variiibles. For a few 
years long cycles will prevail over short ('yek's, and the 
variable will seem to have increa,sed its in*riod, litit then, a 
few years later, the order will be reversed and tiie [leriod will 
appear to have increased. 



The Red Variables 


99 

Some idea of uniformity, or non-uniformity, of arrival at 
maximum may be obtained by examination of the diagram 
sliown in Figure 42, which represents, for particular stars, 
the intervals in time between observed consecutive maxima, 
here called cycles. For some stars, particularly those of the 
shorter periods and with sinuous light curves, these cycle 


oCn) ^0 40 60 80 



Fig. 42.- — Dmglh oj individual cycles — intervals between con- 
secutive maxima. 

A, R 'Frianguli, pcricxl 266 days; X Camelopardalis, period 143 
days; C, T I lc'reulis, period 165 days. 

intervals run very close to the mean period. For others, the 
deviations Irom a uniform period are large and somewhat 
erratic in nature. Although, as a whole, Mira Geti stars do 
not show definite and systematic changes in period, at least 
over the interval covered by the observations, a few have 
undergone nijirked alteration; that is their periods have 
cither lengthened or shortened. The most conspicuous case is 
that of R Hydrae (cycle intervals shown in Figure 43) which. 
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over u sptU'(' «H() yt^iirs, uppt'tU's lo luivt* tlct itMst'tl tiu* 
length of its period of variation fr«jm 500 ft) ‘UiO da) s, or liy 
an amount eorresponciing to 25 per cent rtf tlie present 
period. R Aquila<- is anotluT c;i,s<‘ in jxiint; it has shortein'd 
its period from 350 days to abtmt 300 days iti HO years. We 
can have little doubt of the reality of a change in period for 
the.se two stars. Wlu'thcr or not the perio<ls will again 
lengthen, time aloiu' can t<-ll. S llerciilis has sliown an 
apparent change, Ijctween 315 iuid 300 <lavs, in a sort of 
sinuous fashion alnnit :i mean perio<i of 'tt"^ days. 

0 so 100 I'll) .'UittN) 

1 i I f 

soo'*- ' . . 
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Fig. 43- Ij'jigth of o'c/w, mtiximtu of R Ilvthtti'. 

iSliowiuK' gi'a(l\ial decoMSf of i>cri<i<l. 

PhYSICAI, CnARACTKKK'nnS OK A/c-stars 
W hat are the physical charact<'i‘istics of tlie A/c-stars? 
How do the stars themselves change tts the hrightite.ss vari<‘s;’ 
In the study of the Ceplicids we iroted thiit tlie suifaci* tem- 
perature of those stars decrcasc.s as we proctaxl friim .sliorter 
to longer periods. The same rule appears to tipply to tiu‘ 
long-period A/e-stars. This relation becomes still mon* 
significant when we extend the plotting of th<* tempenttun*- 
period relation for the Cepheids to include the long-jx'ricKl 
variables; they form a continuous .seepumet'. This wtis cletirly 
shown in Fig. 33, Chapter 4, where instetul of temiieraturi's, 
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spectral classes express the same phenomenon. We thus 
obtain a spectral sequence extending from cluster-type 
variables — with periods of a few hours — to the long-period 
stars — with ix;riocls of 500 days and more. This period- 
spectrum relation, which establishes a definite connection 
between two of the most important classes of physical varia- 
bles, is of real importance. It seems to indicate that the 
underlying cause of the light variation is probably the same 
for both types of variables. This relation is of such signif- 
icance that C. P. and S. Gaposchkin in their treatise on 
Variable Stars have included under the “Great Sequence” 
both Gepheids and long-period variables. 

Gepheids, as we have already learned, are hotter at 
maximum than at minimum brightness. The long period 
variables show the same behavior, and the range in tem- 
perature is found to be of the order of 600 degrees. This 
range is surprisingly small if we consider that the total varia- 
tion in visual light is, on the average, about six magnitudes, 
corresponding to a range in intensity of 250 to 1. On the 
other hand, Gepheids, with a range approximating only one 
magnitude, have variations in temperature of about 1,000 
degrees. I’hc situation appears to be incongruous and merits 
further study. 

Instead of observing the long-period variable in normal 
visual light, suppose we photograph the star on a plate 
which is .sensitized for infra-red rays. The magnitude of 
the variable on such a plate will appear to be several magni- 
tudes l)righter than when simultaneously observed in a 
telescope. On infra-red plates Mira Ceti would appear, at 
times, as bright as the planet Jupiter, and R Leonis, with a 
visual maximum magnitude of five, would rival Sirius in 
brightness. 

The discrepancy between magnitudes as observed in 
infra-red and normal visual light is not surprising when we 
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coiisider that long-jx'riod variahlt's arc rt'd, \Vhu( docs 
prove to be a surja-ise is that, as observed on ialra-re<l plates, 
the total range in variation is very sintill, not over ;t tnagni- 
tude and a hall". 

If we procc'cd to nu>asnre the light variations with a 
radiometer, which records tlit' lotttl amount ol" radiation 
received from a star, we iiml :t still smtiller anij)litud<- oi" 
variation for Mira vtirialrles. I'or dhi ( lygni, with a visual 
range of nearly ten magnitudes, I’eftit and Nicholson 
obtained a radiometric amplitude of only ;i niae.uitiulc; for 
most long-period variables, th<' rtmge barely r<*;ielied a full 
magnitude. Thus we not<‘ that the total radiation does not 
vary over a much larger ntnge th;m for ( l(‘|)heids. 

How can we tixplain such ti discrepitney Ix'tween tlie real 
range of radiated energy ttnd the range in variiilion of light 
as seen by the eye? As everyone is well tiware, the eyt* is 
sensitive only to a narrow region of the sp<'etrum, that which 
extends from wave-k'ugths on the edge of the '‘violet” rtiys, 
to those on the; (;dge ol" tlu* “red” niys. 1 ,ong-|)eriod varitililes 
emit, for the most part, long-wtive infr;t-red rtiditition which 
our eye can not discern, so th.at tic-tually we see only about 
five per cent of the tottil tunount of radiitlion .sent out from :t 
star such as Mira Ceti when <it ma.ximum. 

As the star cools oil" on its way to minimum, the main por- 
tion of its radiation is shifted still farther into the infr;i-red, 
leaving only a dwindling fraction of light within the limits 
of sensitivity of the (tyt;. 'riierefore our eyes will observ<' 
much larger fluctuations than an instruuKmt which is 
capable of measuring the star’s raditttion over a greater 
range of wavelength. This exitlantttion, ltow<‘v<T, does not 
account for all the differences found Ix-tween tlie radio- 
inetric and the visual range. Joy of Mount Wilson <'omi)ut<-d 
the visual range of variation of Mirti (k-ti from tlie radio- 
metric curve and found that it should l)c of tlie order of 




Fig. 44- Spectra oj Mira Ceii. 

(llpix'r) Nov. 11, 1026, near maximum; (lower) Oct. 9, 1940, three 
mouths afU'r maximum. {Photographed at the Harvard Observatory.) 

3.5 inagivitiidt^s, wluTcas wc know that the visual range is 
al)oiit six inagnituck's. Thus there is still an outstanding 
didcrtaice to be accounted for. Where does the remaining 
two magnitudes diUc'rence come from? It is probably associ- 
ated with the so-called ^doands.’’ 

If w(^ ('xainine the spectrum of Mira Geti (see Figure 44) 
we not(' tliat it is crossed by heavy absorption bands, 
due rnainly to titanium oxide, especially in the visual 
rc'gion, and that they grow increasingly stronger as the star 
cools and fades in passing from maximum to minimum 
light. In olher words, more and more visual light is cut off 
l)y tliese bands as the star becomes fainter. Thus band 
absorption can account for a full magnitude of the vis- 
ual rang(' and only relatively small differences still remain 
unexplained, 

A possible further explanation is offered by Merrill who 
suggests that the atmospheres of long-period variables be- 
come l(‘ss transparent to visual radiation as the temperature 
diminishes. The low atmospheric temperature of these stars, 
below the boiling point of many common substances, would 
permit the formation of a cloud layer, the thickness of which 
would increase as the surface of the star grows cooler. This 
veil of c1o\k1s would consist of small liquid and solid par- 
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tides, somewhat analogous to our terrestrial ekHids, and 
could account for stroiij^ dimming <‘tfects with only small 
changes in temperature. 

It is not unrt'asonalrle to supi>o.se that tlie vtdl is compos<'d 
mainly of titanium oxide; in the A/-ty})e sttirs, like- Mira ( leli, 
of zirconium oxide in the; .V-type stars, Jind of carhem- 
compounds in the .A^'-type stars, 'riu- dillen-nt reactions to 
temperature of these- diflere-ntly compe>un<i<‘d v«-ils, coidd 
explain, in part, the- diflerence in the- sliain- of the liglit 
curves of stars of dilTe-re-nt spectnd tyjK-s. 'I'liis ve-iling e-Hect 
would not appree'ialrly alfeet the total radiation for the- stars 
themselves, because, as we* we-ll kne)\v, infra-retl rays i-an 
more easily pass tlirough clouds. 

Accordingly, we know that, in spite- of the- e-xce-ssive- fluc- 
tuations in visual light, long-pe-riexl varialde-s fall pre-tty we-ll 
in line with the Ceephe-ids; the main trejuble; was with enir 
eyes! 

Let us again return to the probIe*m of the bright hydreege-n 
lines which we mentione-d <;jirlie-r in the eha[)t<*r, and which 
are exceedingly impetrtant. 'rhe-re is ti wlieile renv of the-se- 
bright lines, designated as Ha, Hid, Hy, IH, e-te-., wliich 
start at the re-cl end of tlie- spe-clrum .md pre)ce-e*d in the- ejrelcr 
given toward the viejlet end. On normal blue- plate-s 1 17 and 
H5 are the stremge-st, because- H« and Hd he* be-yeind ea- 
near the limit erf semsitivity of the plate, and I k usually plays 
hide and seek behind a strong alrsorjrtieai line-. The- re-main- 
ing lines from on, locale-d in the; ultni-viede-t portiein e)f 
the spectrum, arc weak. 

When a Mira variable is at its brightest phase the; Hy and 
H5 lines are very conspicuous- -so bright in fact tlnit the-y 
serve at a glance to reveal the presence- erf the lemg-pe-rierd 
variable among the hundreds of other simulttmeously 
recorded stellar spectra. At minimum brightnc.ss, howevt-r, 
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practically no bright lines are to be seen in the spectrum. 
'1 hey make their first appearance about midway between 
minimum and maximum, while the star is increasing in 
lirigiitness, n'ach their greatest strength somewhat after 
maximum liglit is attained and die out shortly before 
minimum. While, the hydrogen lines do vary in intensity 
with light changes, they arc not exactly in phase with the 
light, lagging behind by almost a sixth of the period of the 
star’s variation. 

The Irrigiit liydrogt'n lines have proven no small problem 
for the astronomer to unravel. It was natural to believe that, 
because' liydrogen is the lightest of all known gases, the 
origin of the lines would be in the uppermost strata of the 
star’s atmosphere, but how could the hydrogen atoms 
acquire sufficient energy to become excited to the stage 
necessary in these higher layers? We now have evidence that 
these lines originate in the lower layers, but where they get 
thc'ir tmergy is still not clearly understood. 

The bright hydrogen lines are not the only bright lines 
found in tlie si)ectra of long-period variables. There are a 
few otluT Irriglit lines due to the light metals, but the major- 
ity of tlu; visil)le lines are dark and even the bright lines 
have along side of them, dark absorption lines. The behavior 
of the two sets of lines is decidedly at variance, and regret- 
tal)ly our picture of parallel behavior between Gepheids and 
long-|>eriod variables is spoiled, whether we consider bright 
lines or dark lines. In Gepheids we found that the absorp- 
tion lines nwcal a maximum speed of expansion near 
maximum brightness, and the most rapid rate of contraction 
at minimum light. For the Mira stars, just the reverse is true 
for the al)sorption lines. The bright emission lines on the 
other hand, show greatest velocity of approach, that is of 
expansion, when they reach their greatest intensity. The 
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phenomenon presents a [(uzzling eondition, ;uk 1 to tnuler- 
stand better the proijk'in we must eonsidt'r first tlu- [)hysieal 
nature of theses stars. 

Long-period viiriables are <‘uorinous stars, even larger 
than Ccphekl variables, although their total output of 
energy is somewhat less lM'<'ause ol their lower t<‘U!peratur(*s. 
Reliable measures of the volunu' of Mira (leii jdaee tins 
quantity at 30 million times that of the Sun, or more than 
40 millioit million limes that of the Larth, 11' Mira ( !eti w<'i'e 
placed in the ceitUa* of iht' solar system, where our sun is 
located, its outer surface would extend as far as the orbit 
of Mars, so that the Ihirtli woukl move entirely inside the 
star. The total mass of Mira ( leti j)rol)ably <loes not exeeetl 
twenty times that of the Sun, :md it m;iy not exceed it by 
as much as ten times. This leads us to the extiemely low 
average density of one third of a millionth of the Sun's 
density. The pressure in the low<‘r layers of the stttr’s 
atmosphere must be of tht^ order of one millionth that of 
normal atmospheric; sea-level pn'ssure on the Larth. eom- 
parable to the pressure tittainabU* with the" .average vacauim 
pump. Theory shows that in spite of the c'xtremely low 
density of the outer Itiyers, tlie core of the star mav be very 
dense. 

The “visual” absolute luminosity of !ong-p<a'iod vari.ables 
at maximum brightness is not far from magnitude zero, lint 
here again, since our (*yc’ I'cceives only a simill fr;i<iion of the 
total output of energy of tlu; star, the total radiation wotdd 
indicate an absolute luminosity of about ntinus four ( — 4). 
This may seem high for a stitr, yet it is not as high as tliat 
found for some Gepheicls with longer periotls. In the |)eriod- 
luminosity relation for classical Cepheids we fount! a rc'guhu- 
increase of brightness with increasing period, therefore we 
must conclude that this relation can not l)e extended to 
long-period variables. 
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Then' is .still another marked difference between Mira 
stars and C k'ljlieids. The latter arc found to stay gradually 
closer to tlie Milky Way a.s we proceed from the shorter 
periods to tlu; longer periods. The classical Cepheids with 
longest i)eriods revolve at a fixed speed about the center of 
our galaxy in almost (-irexilar orbits. The long-period varia- 
bles, howc'v<'r, appejir to be revolving around the center of 
(he galaxy at <'tll [)ossit)lc^ speeds, more as do the cluster-type 
( lei)hei<ls. Although long-period variables are found in and 
lU'ar tlu' Milky Way, they arc also found in other regions of 
the sky, cv('n as far away from tlie plane of the galaxy as the 
galactie (jok's. 

Witli this infonnation at hand, we may now draw a few 
eonelusions. It seems evident that long-period variables are, 
like, (lepheids, i)ulsating stars, but because of their different 
[)hysi(;al structure, the pulsation must manifest itself dif- 
h'rently iti the outer layers of their atmospheres. Recently 
R, M. Se.ott att(“mpted to apply to Mira Ceti itself the theory 
of Clephc;id pulsation as worked out for these stars by M. 
Sc'hwarzschiki, and apparently with considerable success. 
S<;ott luriK'd his attention to the emission lines rather than 
to tlu" ahsorjjtion lines and tackled the problem on the 
hypotlu'sis that the; bright hydrogen lines are formed in a 
lay<'r v<Ty elos(! to the radiating surface of the star. Thus, by 
studying the radial veilocity of the bright lines, we should 
oljtain a fair picture of liow the surface of the star pulsates. 

Scott’s a.ssumption leads to very reasonable conclusions 
as to tlu; i)hysieal properties of the gaseous matter within the 
star. I lis success was somewhat of a surprise to those astron- 
omers who had ludicvcd that it would be the observed 
velocitiiss of the dark absorption lines that would reveal the 
law of pulsation in the star’s surface, as had been found for 
the Cepheids. In Mira Ceti stars the absorption lines proba- 
bly tjrlginale in the higher levels of the extensive atmos- 
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phcrc, and wluai these levels are reaelied by the waves vvliieh 
start from the center of tlie stiir, their pulsations follow the 
pulsations of the surface with some dehiy. 

As for Gepheids, so ttlso for long'- period \-ariaI)les, only the 
denser part of the star would pulstite as a whole, aeeoiding 
to Eddington’s star modt'l. But for long-periotl variables tlu* 
denser portion is a much smalh-r fniction of the whole star 
than is the case for Gephtads, ;m<i therefore it is e'xjteeted 
that the mtxhanisin of Hchwiirzschild's running waves ruh's 
a larger part of tin; sttir’s body. (StH* ( iliapti'i’ 4. ) 

Otiikr Types op Lon(!>pekioi) Variahi.ks 

So far we have bec'U concermHi mttinly with the Air, or 
Mira Ceti, stars chi<'lly because this grouj) comjirises ninety 
per cent of the total, and also ixtctiust; w<! se<*m to kiujw a 
good deal about them. 'I’he JV, S, tmd A*-type- stars, thtntgh 
relatively few in numher, must not he overlooked. The Itjug- 
period jV-stars, which also show emission lines in thenr 
spectra, and therefore are known also its AV-type sfttrs, 
present some of the: stime ft'tUures as tlie d/c-tyite sttirs. On 
the whole, K stars have smalhu' am[)lilud<‘s of variittioii, 
nearer to four magnitudes, than to six or (*ight. On the 
average, their pcalods are longt'r th:m tliose of mtjst Mirti 
stars, extending from 2.S4 days for Y Ih'rsei to 51') «l;tys for S 
Aurigae, with a preponderance around 420 (lays, ’i'he 
spectra of JV-type stars are mainly etmlined to red and infra- 
red light, making them the reddc'st sttirs in the sky. They 
present strong spectral bands whicli havi; b<‘en idemifit'd as 
due, in part, to carbon, cyanogen, and liytlro-i-arlions. 
There are only about two dozen jV-type long-p<‘riod variti- 
bles known. 

The light curves of jV-stars show, in genenil, very liroad 
maxima and narrow minima, as indicated in Idgure 4.5, witli 
the ascending branch seldom steeper than the descending 
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branch. In many cases, especially for the stars with longer 
periods, the dcicline to minimum is steeper than the rise to 
inaxiinum. Humps on the ascent and near maximum are the 
rule ra tiler than the exception, in some instances resembling 
a secondary maximum and minimum. 

We know ol two iii-type variables, S Camelopardalis and 
RU Virginis. The former has a period of 326 days, with a 
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N(^ v;iriai)lcs nrci cliaractcrizcd by broad maxima and narrow minima. 


range in light variation of 2.5 magnitudes; the latter has a 
period of 436 days, and a range of 4.5 magnitudes. Like the 
.A^-type stars, those of i?-type have very broad flat maxima 
and sharp narrow minima. A light curve of S Camelo- 
pardalis is shown in Figure 46. The jV and J?-type stars ap- 
pear to be closely allied. 

'Th<; 6f’-typc varialiles do not differ radically in their 
gcneriil Ix^liavior from M^’-stars; in fact they may be con- 
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sidcred as closely related to the M-type variables as are the 
,A^-type stars to the ii-type stars. The main difference to be 
foxrnd between &-stars and Af^-stars is that the former 
reveal the preponderance of absorption bands due to 
zirconium oxide in place of the titanium oxide bands found 
in M^/-stars. In a few &-stars both zirconium and titanium 
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Mg. 46 . — Light curve of S Camelopardalis. 
Spectrum !Rc. 
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oxide bands arc found <‘(|ually abundant. As \vc have liintcd 
before, the diirerent reaction of tlic zirconium bands to 
tcinperaturc changes may be llu* mtiin cause of tlic difler- 
enccs foLUul in tlic liglit curvt'S. Zirconium oxide ctm exist at 
higher tcanpcraluri'S thtm can titiuiium oxide. 

The light curve of R Camelopardalis, a typical .S'e-star, 
(sec Figure 47) illustrati's the great width and liatness at 
maximum, a A'atun’ .seldom found in .\/r-stars. Where we 
found that A/'r-stars show lmm|)s in the curve at the b<-gin- 
ning or end of the rise to maximum, (he .S’c-st.irs show a 
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R Clinu*lo|)firclnIis (iipjKT^ sjKHinuu Sc) miuI (Iht Clytpti {lower' 
spectrum Me aucl S(‘). Se vanaltles ar<* rharaeteri/,(*fi liy broad maxima, 
or large humps at a place midway on tlie rise to maximum. 

tendency for the humixs to aiipear at a [ilaee mitiway on t he 
rise to maximum. The visual am|)litudes uf the .S'e-stars are, 
on the average, equal or gretiler than tlius(‘ of A/e-sttirs, and 
they show a distinct tendency to increase* with inere.-ising 
period. i9f'-stars number only about two dozen, witli periods 
ranging from 200 to 600 days, and their pliysieal einiraeter- 
istics, radial velocities, dimensions, etc., are not markedl>‘ 
different from those of the A/r-stars. 

PkGUI,IAR LoNO-I'HRIUO VARI..\in.l''.S 
Not all long-period variables, oven those of tin* A/r-type, 
are without their peculiarities. A remarkable abnormality 
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is lound in R Gentaurij and four others of similar kind, 
'.riie light curve presents a regular alternation of deep and 
shallow j or feint and bright minima, while the maxima are 
almost of equal brightness. The light curve of R Centauri is 
shown in Idgurc 48. The star has the spectrum of a normal 
long"i_)(M'iod variable of 280 days yet the assigned period, 
assunuKl as the interval in time between two successive feint 
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miniina is 558 days. The question then naturally arises; 
is tli(^ period of the star to be assumed as the interval in days 
bertween two successive maxima, or minima, regardless of 
depth, tlicreby agreeing with the period-spectrum relation, 
or is it the time between two successive deep, or shallow, 
xnininui? A similar predicament was found for the RV Tauri 
stars in relation to noi'mal Cepheids, and perhaps we should 
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infer that: R Gentauri stars bear a special relation to ordinary 
long-period A/f-stars, as RV Tauri-stars are related to 
Gc[rh<‘i<is. 

Tliere is another long-period star whieh is perhaps unique 
among- varialtles; the star R Aquarii. For many years it 
appeared to ifollow the general behavior pattern laid down 
for Affl-.stars, with a normal amplitude of variation of some 
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Fig. 50. — NehuUmly around R Aquarii. 

Photograph (upper) and drawing from the same pluHograidi (lower). 
{Photographed with the WO-inch Mount Wilson telescope.) 
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four or five mag,nit:udes, in a period just under 400 days. In 
the year 1928 there set in a series of variations of decidedly 
smaller and smaller amplitude until, in 1932, there was very 
little changx' in magnitude, the star remaining at about its 
magnitude of nine. '1,'he assigned period appeared to persist, 
however, and in 1934 the star began to vary again in a more 
normal manner, at first with the resumption of its usual 
fainter minimum magnitude, and later attaining its custom- 
ary Inight maximum. In 1937, and from there on, the star 
has Ixduived as was its habit in earlier years. The light varia- 
tions during the (xitical years are shown in Figure 49. 

'riie spectrum of R Aquarii is one of the most complicated 
for a long-period variable. Its main portion is a late Af-spec- 
trum, witli bright hydrogen lines, quite normal for a star 
with .suc4i a long period. But superimposed upon the Me- 
speetrum is another which has the appearance of being 
procluc:ecl by a hot blue star. This latter spectrum is very 
faint, even absent, when the light variations of R Aquarii 
are normal but it increases in intensity during the epochs of 
perturbed fluctuations in light. Besides these two types of 
superimposed spectra, Merrill has found evidence of some 
bright “nebular” lines, evidently associated with a faint 
irregular nebulosity in which the star is embedded (see 
h’igure .50). 

It is not easy to obtain a clear picture of just what is 
going on in siu’h a complicated star system as is presented by 
R Aquarii. 'I'he riddle yet remains to be solved! 

The Red Semi-reoxjiar and Irregular Variables 

You have all heard of how strong a man was Samson 
while he kept his locks unshorn, but what a weakling he 
became when his locks were cut off by Delilah. The bright 
hydrogen lines seen in the spectra of red stars may be likened 
to Sam.son’s locks. Whenever we see these lines shine forth in 
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all their splendor, w(- are ct'rtain that \v<' ha\-e a variable 
star with a large variation in light, live or more magnitudes, 
within a definite iieriod of tini<‘; in otfier words we have a 
regular long-period variafilt*. VVlien, on tlu' otlier liand, 
these emission lines appi'ur only faintly for ;i short time, or 
fail to show up at all, then we know that the star, il \'ariabl<‘ 
to any extent, is a weakling whose leelih- oseillalions ari' 
performed with an unsteady rhythm; ;i star with semi- 
regular or irregular variations. 

For many years no distinction Wits made helwt'en long- 
period and .semi -regular variabl<*s. When ;i red viiriable 
with small amplitudes was found il was simjily elassilied ;ts a 
long-period variable, if it showed some' iwidimee of periodic- 
ity; otherwise it was placed among the irregular vjiriables. 
Today we know that thtsre is much le.ss diilerenee between 
an “irregular” and “semi-regular” red variable than b<'- 
tween a semi-regular and a long-pei-iod ViU'iable. 

One of the distinctive features of stmii-regiihir viiriiibh's 
is the small visual amplitude of variation, oft<m le.ss tlian tme 
magnitude aitd seldom reacliing two nuignitudes or more. 
The main dilTcrence betwtHm them does Jiot li(! in tla* 
smaller range in variation but in tlie degr<‘(‘ of regularity 
of variation. The light curve, of AF Clygni (st'e l''igun> .SI ), 
shows at once that the curve is by no metuis a n-pliea on a 
smaller scale of the light curve of a Mira Cleti sttir. For stars 
of the Mira Ceti-type the length of a singh' cy<d<* may 
deviate from the mean ptu'iod, or cych^, Ijy iiv(' or test per 
cent, but in AF Cygni the deviations imiy rc^acdi or exceed a 
hundred per cent with a continuously clumging amplitude 
and shape of light curve. Althougli tlu'n^ is littht doulH of 
the reality of the fundamental pc;riod of 88 days for AF 
Cygni, it can be seen that an attempt to derive it mcitn 
light curve for the star over several ytxirs would be: out of the 
question. One can sec from Figure .SI that, on occasion, tlie 
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length of the cycle doubles and remains doubled for a long 
tiuie. 

Another feature often present in the group of semi-regular 
variables is a slow scrni-periodic fluctuation of the median 
Ijrightiu'ss, with suelt an effect that the light curve seems 
actually to l)e the result of two waves of different lengths 
(see V Ursax' Minoris, Figure 51). These slow fluctuations 
usiuUly extend over many cycles and in a few cases, as in UZ 



Ritt, 51. Li^bt curves of red semi-regidar variables. 

1. X MDUoccroti.s; 2, V Ursac ' Minoris; 3, AF Cygni; 4, Z Ursae 
Majoris. 

Persei, 'J.'W Px'gasi, etc., they have larger amplitudes than 
hits the fundanu'utal variation itself. Such a condition was 
found to exist for the RV Tauri stars, which class has many 
charaeteristic-s in common with the semi-regular variables. 
'Fhat this slow fluctuation is a phenomenon similar to that 
ol)served in RV Tauri stars is shown by the fact that at 
iniiiinrum phase the amplitude of the fundamental variation 
considerably diminishes, and for a few stars actuallv vanishes 
to almost zero for a few cycles. 

The degree of regularity, perhaps better tenned ir- 
regularity, varies greatly from star to star. At one end of the 
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TT PcTsci (upper) end 'I'U Auriune (iiiwer). 'IT IVrsei t'.ui siill lie 
considered as a seiuircKular varialile in spile of die many irreipilariiies, 
while TU Aurigae is delhiiiely irregnlai'. 


sequence wc find sucli stars as X Monoccrotis (sci' l''ii>'iire 

51) which, although not so regular as a normal Mira (leti 
star, maintains a fairly steady rhythm in its variations. 'Hie 
sequence then progresses tlirough such stars as V' Ursaii 
Minoris, AF Gygni, (Figure 51) anti Tl' Persei (Idgurt' 

52) until at the otht-r end we find stars wliose eyeles of 
variation arc so variable that they show no evidimei* of 
periodicity. Such star's, as shown in the light eurvi' of 'I'll 
Aurigae, Figure 52, can hedt'iiniU'ly ehissed as '■'Irregular.'” 
It is worthy of note that some of thesi- semi-regular varial fit's 
with larger amplitudes, such as X Monoeerotis, show 
at some phases faint hydrogt'n t'lni.ssion lines in tlreir 
spectra. 

It is not easy to imagine a truly irregtthir pht'nomt'uon in 
Nature, and it is possible that the.se “Irregular” stars a|)[)e;ir 
to be .so mainly because we have not Iteen able to analyze tin' 
complicated processes which concur to make them vary as 
they do. As with .some mett'orologieal irht'nomena on llu* 
Earth, we know that the hick of n-gularity is due to the e.x- 
cessive number of factors which consi>ire to produce ti 
seeming confusion. 

The periods of semi-regular red variables range from 42 
days, for TX Tauri, to 530 days for UW Aurigae, with the 
greatest concentration around 180 days. H Persei, of sjK'ctral 
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53, Li^hi curve oj V Hy drew 1883-7926, 

class A/5, has a, still longer period, but it is an exceptional 
star in more ways than one. It has a dominant period of 
around 8.55 days, witli a probability that other periods are 
involved. 11. H. Turner thought that periods of 840, 1120, 
and 3.560 days prevail; and T. E. Sterne recently derived 
two distinct periods, one 810 days, the other 916 days, which 
combintxl in such a manner as to produce the resultant light 
curve, at It'ast for a number of years. 

Anoth<u" .sexni-regular star of special interest is V Hydrae, 
of spc'Ctral class R'S, one of the reddest stars of this type. 
Here we a[>ix^ar to have a star which varies through a 
modtuale amplitude in a period of about 530 days, with 
strong evideiKX^ of a secoixdary period of 18 years super- 
iixiposed on the 530 day period, and a maximal amplitude 
of more than six magnitudes (see Figure 53). 

In several semi-j'egular stars the variation is complicated 
by the intrusion of a second wave which sometimes, as for U 
and RY Camelopardalis, may have a completely independ- 
ent period of its own, and in other cases simply defies any 
appearance of regularity, as for example in Z Ursae Majoris, 
which has a period of 197 days, upon which is imposed an 
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apparently im-giilar vuriatujii (set* Figure 3! ). It is i)r()l)al)ic 
that there are many Kttirs now elassetl as irregular, wliieti 
would, urtcler more detailed tinttlysis, reveal themselves as 
subject to complicated iimltiple periixiieities. 

We find among the semi-regular tind irr<'gular varialrles, 
many of the old friends of the naked -eye star gazers. Bright- 
est of all is Betelgeuse, or a Oriunis, whi«'h shows semi- 
regular waves of 140 to .300 days wliieh app<'ar to he 
superposed upon a still slower llmauation with a cycle of 
six years; and yet th<‘ oi>, served range of light variation 
hardly exceeds a ni:ignitud(‘, from 0.2 to 1.2. Al|)ha Hereulis 
also varies in a semi-regultir ftishion, and a Seorpii, known 
as Antares, has been .suspeelt'd of Ix'ing a \’arial>l<* of tliis 
same type. OiIkt well known retl sttirs wliieli show semi- 
regular variations :tre (leminorum and (leplu*!, lleits- 
chel’s “garnet” star. 

It is not by [mre chanct' tliat so many of tlit; r(‘d .l/-ty|K‘ 
variables are visible to the naked-ey<*. We know the dis- 
tances of a few <}f them; tlit'y are aniong the inlrinsi<'ally 
brightest, as wril as the larg<'st sttirs in existence. Belelgsmsc' 
has an alxsolutc magnitude of —4, }x CleplK-i ™3. Me.asuresof 
the angular diameter of B(“telgeuse, the first star to hav<‘ its 
diameter mca.sured directly with the Miehelson 20-foot 
interferometer attached to th(‘ lOO-ineh reflector by Bea.se in 
1920, showed a value of 0.04, wliieh, at tiie star's known 
distance, corresponds to about 350 diameti-rs of the* Sun. 
Subsequent measures indi<-ated that the diameter of Betel- 
geu.se varies along with its light, betweeti 2(H) and 400 solar 
diameters; the reality of the pulsation hypothesis was thus 
confirmed. Measun's of a Ih'rctilis anti a Setiriiii reveal 
even greater diameters, of the order 01400 and nuire times 
that of the Sun. This all goes to show that the red stmii- 
regular variables arc perhaps comparable in size to llie Mirti 
Ceti variables, or even larger, and tliat tlieir ttbsolute 
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brightness is sonwwhat greater than that of Mira Ceti 
itself at rntixinium hrightntjss. 

'Fhe spectra of tlK* semi-regular and irregular variables 
arc more' or less similar to those of the Mira Ceti stars; 
niiiinly of Class A f, with some jV-types mixed in and a few 
.9, A’ and A -type's. One feature to be noted is that there ap- 
jjcars to hi! no correlation between the length of the period 
and tire spc'ctral class, or temperature, as was found for 
Cepht'ids and Mira Ceti stars. Hydrogen emission lines 
appear only weakly in some of the semi-regular stars, with a 
Ix'liavior quite* unlike that in Mira Ceti stars, as the lines 
remain visible* only during the increase in light from mini- 
mum to maximum. A similar behavior is observed in a few 
anonuilous stars with Cepheid-like periods (W Virginis and 
RU Camele)pardalis) which show bright hydrogen lines, 
and alse) in the* RV I'auri star R Scuti. That this spectrum 
[peculiarity indicates a link with Cepheids is pointed out also 
by the e'xist(*nce* of three semi-regular variables with periods 
of alroeit 100 days, whose spectra at maximum are very 
similar to those; of Cepheids with longer periods (Glass GO) 
while* at minimum the spectra resemble those of normal 
A/-ty|pe' stars, 'riu* liglit curve of one of these three stars (SX 
He*re*ulis) at times looks very much like those of long-period 
Ceplu'ids. There would se;cm to be a more continuous bridge 
betwee'n Cepluuds and semi-regular variables than between 
Ce'pheids and Mira Ceti stars. 

Alpout 250 re'd stars with small range in variation are 
known today. Of these, 1 16 arc cla.ssed as semi-regular, 40 as 
irrc;gular, and for the remainder the available data are too 
scanty for classification. We might be led to assume from 
these figures that such red variables are not very numerous 
in comparison with the Cepheids and Mira Ceti stars. There 
may be; many more red variables of this type, however, 
which have escaped detection because of the difficulty of 
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measuring tlicir V(‘ry small variations in liglit. l*ho(o-cl<a'ti'ic 
observations by Slebbins and Hulier liavc iiulicatcd that 
practically all red giant stars show slight variathms, gen- 
erally of three to four tentlis of a intignitudc <jr less. 

If we could ineludt* all nal giants in the group of irregular 
and scnn-rt'gultir varitibh's, and they woidd tiaturidly !)<•- 
long in this clttss if tliey were vtiriabk* to evm a small extent, 
this group might easily rank :is tlie riehesi of till the classes of 
variables. 
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Tm, XIIDDI'IN AI'l'EARANGE OF A BRILLIANT, NEW OBJECT IN 

tile lu*av(Tis was regarded by the ancient Chinese as an 
oiiK'n, not only oik; which presaged pestilences and calami- 
ties, l)ut also one; which might give promise of victories in 
battle, and of alinndant crops. Doubtless the new objects 
seen in tin; early c'entnries were not all bright comets, but in 
some cases at least, bright novae, or new stars, were among 
tlie cek'slial visitors which made their appearance between 
tin; years 2679 B.Cl. and 1230 A.D. The identification of 
ihesi; olijeets whether comets or new stars — appears not to 
have c;oncerned tlu; Chini'se annalists as much as the record- 
ing of tin; events which followed their sudden appearances. 

In Kurop<; and the Near East, the people were apparently 
k'ss impressed liy changes in the sky. The only new star 
recorded during the 4()()0-ycar interval from the beginning of 
the Egyjitian civilization to the Middle Ages was the bril- 
liant star of tlie y<;ar 134 B.G. which was also observed by the 
Chinese and which, according to Plinius, led Hipparchus to 
construct his famous star catalogue. Since that time no new 
stars appear to have been seen, except for two or three 
dubious records, until 1572, when the spectacular star in 
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Cassiopeia, visible even in broad dayliglit, raised supersti- 
tious fears among the populace. 'Fhis new star has Ix-tai 
called “Tycho’s Star,” because the Danisli astronomer, 
Tycho Brahe, was one of the first to see it, and to study its 
light variations. 

It is remarkable that only 32 years later another extrenudy 
bright star made its appearance, this time in tlu^ constella- 
tion of Ophiuchus, and that another ol the greatest tistro- 
nomers of all time, Kepler, wtis tlu're to witness its 
variations. The star in October 1604 shone witli a brightness 
equal to that of Jupitt-r, and wiis visiltlc as a ntikt'd eye 
object until March 1606. 

From that time on, astronomical records are more com- 
plete and it is probable that in the northern lumiisphert* at 
least, no new star of the first magnitude esc.ajxxl th<' att<>n- 
tion of star-gazers. The improvenumts in the construction oi' 
telescopes and the completion of star maps led to the dis- 
covery of a few of the fainter irew stsirs or “Novae,” as 
they were called — but it was not until 1901 that anoth(>r 
first magnitude nova made its appearaixax As this [Jurtieular 
new star was typical of most novt?e tliat have Ix*<‘n ol)S('rv<*d 
since then, we shall describe its activities in consich-rabk; 
detail. 


Nova Pkrshi 1901 

The nova was first detected by T. I). Andt'r.son on F<'b- 
ruary 21, 1901, Dr. Anderson, a vSeottish clergyman, was 
walking home late that night when, looking at tlx' c'onstel- 
lation of Perseus, he noticed a strange star of tlie third 
magnitude in the region between tlic fanuxis varialile star, 
Algol, and the brightest star of the ccmstellation, Alpha 
Persei. He did not need a star map to r('eogni/.<‘ that tiie star 
was an intruder, since a person only slightly a<-(ju:unie<l with 
constellations knows that there is no bright star Ixuween 



123 


Explosive Stars 

Algol and Alpha Persei. He communicated his discovery to 
the Greenwich Observatory, which immediately spread the 
news to the whole world. 

At the Harvard Observatory, where the now famous col- 
lection of celestial photographs had already been started 
some years before under the direction of E. C. Pickering, it 
was found that the new star was actually not completely 
new. A number of early photographs revealed that in the 
position of the nova there had previously existed a faint star 
of about the thirteenth magnitude which showed small fluc- 
tuations in light. It so happened that the Perseus region 
had been photographed at Harvard only two days before 
Dr. Anderson’s discovery, and the plate showed the star 
still at normal minimum brightness. Thus, in less than 
two days, it had brightened from the thirteenth to the third 
magnitude, an increase of 10,000 times in luminosity — a 
veritable explosion! 

Between February 21 and 23, the star continued to 
increase in brightness, but at a somewhat slower rate, until 
it reached a maximum at magnitude zero, about the bril- 
liance of Capella and Vega. The total change in brightness 
was acx'ordingly about thirteen magnitudes, and had been 
accomplished in less than four days. Directly after the nova 
rcaclu;d zero magnitude, it began to decrease with a fair 
d('grcc of rapidity, although slowly in comparison with its 
rise. Six days after maximum, the nova had faded to the 
S('cond magnitude, and two weeks later it had reached the 
fourth. At this stage a series of oscillations set in, with a 
pcTiodicity of about four days, and an amplitude of a 
magnitude and a half. These fluctuations lasted for several 
months, during which time the star continued to fade, until 
it was no longer visible to the naked eye. The rate of diminu- 
tion in brightness decreased steadily, and the nova finally 
returned to its former state, at magnitude thirteen, eleven 
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years after it iiad started on its spec-taeular adventiii'es. At 
present it displays the same irregular fluctuations, witlt an 
amplitude of two magnitudes, that it showttcl Ix'lbnt its 
outburst. 

Most novae, as far as wc can judge, display a rapid rise 
and an enormous change in brightness during their ('aiiiest 
stages of activity. This behavior suggests an ex})losive 
phenomenon as the cause of tlu' outlnirst. Until ;i lew y<-ar.s 
ago, it was believed, becaust' of the hick of evidence to the 
contrary, that each nova [x-rfoi-mcd onc(', ami once only. 
Astronomers attributed nova outlmrsts to heavenly catiis- 
trophes, such as the encounter, or near encounU'r, of two 
stars, or of a star and a large comet, or to the Ijn'iikdown of 
the internal equilibrium of the star with c'onsecpienl eolla])se 
and explosion. Any one of these' picturesc|ue c'vents could 
probably not happen in the .same star more than once. To- 
day we know, however, of novae* that have- e-xiilexle-d tweg 
and even three times, and also of vtiritible- sttu-s that erupt 
as do the novae, but on a smaller scale-, e-ve-ry fe-w dtiys ejr 
months. Novae have definitely de-se-ende-el tej the rtmk ed' 
variable stars. 


I’yi'ks of Ne)VAn 

Although the nova of 1901 in Pe-rse-us w:ts a ve-r\' ty[>ie;il 
one, we must not conclude that all novtie he-luive-, eve-n ai>- 
proximately, alike. A glance at Figure-s ;tnd .S.S, whie-h 
illustrate an arrangement of tliet liglit ctirves of IB netvae-, 
shows that there are hirge diflcrence*s to be- feamd among 
them. Actually, only one known star, Novti .^e[uilae 1918, 
(see Figure 56) presented in the ceturse- of its activity llie* 
same general sequence of activity as Nova Persc-i, 1901. 
Incidentally, the nova in Aquila, which reacht-d tht; magni- 
tude — 1.4, almost the brightne.ss of .Sirius, was the brightf-.sl 
nova since Kepler’s of 1604. Other novae, as for t-xtunple. 
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CP Lacertae, the second-magnitude nova of 1936, followed 
the behavior of Nova Persei, but they did not show the semi- 
periodic fluctuations on the decline. Nova EL Aquilae, a 
fainter object that flared up in 1927, exhibited fluctuations, 
but these were slow and irregular. Nova Gygni 1920 staged 
a mild increase in light three months after maximum, and 
Nova XX Tauri of 1926 had a broad primary maximum, 
with a secondary increase of about one magnitude six 
months after the original outburst. By the way, some novae 
as you will have noted, have been given regular variable- 
star designations, and others not; all novae of recent years 
have been named, rather than dated and numbered, and 
the practice is being continued. 

In the upper part of Figure 54, you will find the light 
curves of three peculiar novae, each of which lingered for a 
few months near maximum, where it showed rapid fluctua- 
tions in brightness, then faded some nine or ten magnitudes, 
only to brighten again to a secondary maximum and, finally, 
start the regular decline. The most conspicuous of the three 
was Nova (DQ) Herculis, which almost reached the first 
magnitude around Christmas 1934. The behavior of DQ, 
Herculis in the first few months continued to follow so closely 
that of T Aurigae of 1891, that one could almost predict 
what the former would do next — for example when the very 
sudden drop in light would occur. In spite of their slow 
development, these peculiar novae brightened very rapidly, 
as is shown by T Aurigae, which was fainter than magni- 
tude 13.2 only two days before it was photographed as a 
star of the fifth magnitude. Novae of this type have some- 
times been referred to as ''Slow'’ novae, in comparison with 
such "Fast" novae as Nova Persei 1901 and Nova Aquilae 
1918, but in view of their quick rise and rapid decline to a 
secondary minimum, this designation may seem inappro- 
priate. Moreover, Figure 54 indicates that there is a con- 
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Fig. 55. — Light curves of five slow novae. 

In the upper part of the figure the time scale is considerably contracted. 
The light curve of DO Aquilae is repeated in both upper and lower sec- 
tions to allow a quick inter-comparison of the two sets of curves. 

tinuous series of light curves from Nova Persei 1901 to DQ 
Herculis 1934, so that it would be very difficult to tell where 
in the series the “fast” novae end and the “slow” novae 
begin. 

In Figure 54, we have given for each nova the time taken 
for its complete development, from the outburst to the 
epoch when it came back to normal minimum brightness. 
As we see, this time increases from a dozen years for stars of 
the Nova Persei type to over 30 years for those of the Nova 
Herculis type. The few novae at the bottom of the figure 
will be the objects of our future attention and may be left 
momentarily aside. It must be remarked that the magnitude 
reached by the nova when it settles down again after the 

Fig. 54.— Light curves of 13 Fast Novae. 

Under the name of the Nova is given, whenever known, the time re- 
quired for the star to again reach normal minimum brightness. 
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outburst is practically the same as before the explosion, at 
least within the limits allowed liy the <Trors of observatir)a. 
This fact is very important beeausf' it sliows that tht' nova as 
a whole is not very much clisturh(>(l by tlu* ex|)losinn, whieh 
therefore must be a rather sipxTlicial plumomenon. 

Some genuinely slow novae are shown in figure 55, 
especially the three in the u])per part of the diagram. RT 
Serpentis, for example, took more than a monlh to ri.s<' from 
magnitude 14.0 to 11.0, and fU Orionis reciuir<-d seventy 
days to increase four magnitudes. Also in other respe<'ts, the 
changes in brightness of slow novae, diller eonsiderably from 
those of the novae that we havtt met so far. DO Acpiiliie 
remained practically constant ;it maximum for more tlum 
200 days, but this length of time is still short eompttred 
with the 600 days for FU Orionis and tlu' 1 5 years for R'F 
Serpentis ! This latter star certainly esttildishes tli<* r(‘eord for 
slowness among novae; today, 32 years tifter its exirlosion, it 
has reached in its evolution tlu^ sam<- stagt' thtit Nova 
Aquilae, 1918, reached a week after its outburst. 

OCCURRKNCJE AN0 LUMINOSITY OK NoVAE 

Seventy-two novae have been discovered in our galactic 
system since the beginning of the twentieth century. 'Fhe 
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present average rate of discovery is thus nearly two novae a 
year. This, however, is far from being the actual number of 
novae that appears annually in our galaxy. Most of them 
escape our attention, especially when they are very faint, or 
near the Sun. 

Paradoxical as it may seem, we can get a better picture of 
the number of novae in a stellar system by studying not our 
own galaxy but one of the near-by external systems. There 
all the stars are crowded into a small area of the sky and any 
strange object is easily detected, if it is bright enough. The 
best studied galaxy is the Andromeda Nebula, also known as 
Messier 31 (see Figure 57). Not less than 116 novae had been 
discovered in that system prior to 1934, and the discoveries 



Fig, 57. — The Andromeda Nebula. 

{Photographed by Ritchey at Terkes Observatory^ with 24-inch reflector.) 
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were made at an average' rate of alioiil ten a year. The 
nebula iis, however, not photograi>lied day l)y day, and one 
must expect that evcai here ;i considerable number of novae 
has been missed. Hulrble eslinnites tliat the a\'er;ig(' rate of 
appearance of novae in the Andromeda Nebula is around 
thirty a year. Novae have also been found in a dozen other 
extra-galactic systems, including tiu* Magellanic ( llouds. 

A surprising fact enic'rges from tlu' study of novae iti tlu* 
Andromeda Nebnlii: tht' brightne.ss which they reach ;U 
maximum is found to lie within nitlier narrow limits of 
magnitude. The average mtiximum mtignilude of a nova in 
this nebula is 16.4 and most of them do not dill'er more ihiui 
half a magnitude from that value. The extn'ines of mtigni- 
tudes at maximum are 15.0 and 17.7. This snuill riispersion 
shows that the phenomenon of noviie, in sj)ite ol' the varii'ty 
of light curves, is subject to certain regularities. 

Since the distance of the Andromedti Nebula is known 
from a study of Ceplieids and otht'r sttirs, we c;tn t'asiiy 
compute the intrinsic, or “absolute” luminosity of an aver- 
age nova at maximum. I'he brightne.ss turns out to be 
— 5"‘8 and is in good agreement with tin; iibstdute magni- 
tude —5.6 derived for the novae in the Magellanic Clouds. 
In other words, novae at maximum are just altout as bi-iglit 
as the brightest non-varying stars winch we know; ;ictu;dly 
they are a little fainter than a few of th<; very In'ightest, 
which exceed magnitude —7. 

The time spent by a nova at maximum lirightness is only ;i 
very transitory stage in its evolution and from it alone W(' 
learn nothing regarding the condition of llu' star before the 
explosion. It has been suggested that any star may explode 
at some time and become a nova. Some' [xjjmlar writers 
have tried to picture what would happen to our planet 
and its inhabitants if the Sun were to burst suddenly into a 
nova. Some have gone so far as to see in the phenomenon of 
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sun-spots a sign of the instability of the Sun — an omen of 
imminent danger. It is easy to show that such suppositions 
are groundless. 

If any given star could become a nova, then, since normal 
stars have a large diversity in absolute magnitude, the 
amplitude of each nova should be different in order that the 
brightness reached at maximum should be the same. 
Nothing of this sort is observed. Whenever it has been 
possible to accurately measure the total range in brightness 
of a normal nova, it has proved to be practically always the 
same — about 13 magnitudes. This shows that novae start 
from the same general level of brightness, about 13 magni- 
tudes fainter than minus six ( — 6), the value reached at 
maximum. Thus all novae, before their outbursts, are 
presumably stars with absolute visual magnitudes between 
“1-6 and -1-8. 

A further restriction that apparently a star must satisfy, 
if it is to become a nova, is indicated by an inspection of the 
colors, or spectra, of novae before explosion. Only in a very 
few cases has it been possible to get such information, be- 
cause of the extreme faintness of practically all novae at 
normal minimum brightness; but in every observed case the 
star was found to be white, or bluish-white, before the out- 
burst. Thus we reach the very important conclusion that 
novae are probably recruited from white stars of absolute 
magnitude near plus seven (-|-7), that is, they are not very 
different from those mysterious objects that go under the 
name of Vhite dwarfs.” 

Only very few “white dwarfs” were known until recently, 
but this is no indication that these stars are actually rare in 
space, because their detection is made difficult by their 
intrinsic faintness. In recent years many more white dwarfs 
have been discovered through the persistent efforts of some 
astronomers, especially Kuiper and Luyten. These dwarf 
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stars are extremely cl(;nse, some of tiu'in liaving a mass 
about twice that of the suu, compressed into a volume no 
greater than that of our earth; and tlu-y have very hot 
surfaces. The most ftunous of thi^ white dwtirfs is tlu' eom- 
panion of Sirius, or Sirius B. A [hut of (he materitil of this 
star would weigh about .30 tons. Such high-dcaisity eomii- 
tions, however, arc found only iunong lh(' very small winter 
dwarfs, those of absolute; magnitude around +12 or +14. 
The stars from which novae originate ;ire eerUiinly some- 
what le.ss compact in tlieir structure, though yet very tlen.se 
when compared with tiverage sttirs like- the Sun. Wliether 
the few white stars with ab.solute nuignitude plus sevtm 
(+7) that have been found in reetmt years tire potent itil 
novae, is still an open cpicstion. 'Hie logical conclusion from 
all this discussion is that all stars tliat tire not white tuid 
dwarfish seem to be jiretty safe froni th<> danger of <“xplosion. 
In particular, no such fear need to be entertaim-d for our 
Sun, which is a normal yellow star. 

“Fast” novae, such as Nova Ptirsei 1901 and Nova 
Aquilae 1918, take about a dozen yetirs to come laick to a 
steady level of brightnc.ss. Novtu- of the “di[)-tuul-reeovery” 
type, such as DQ Hereulis, require a much long<*r time to 
return to normal, as was shown by T' Aurigae whicli jiro- 
longed its explosive career for 33 yiuirs. “Slow” novtie, of 
course, persist as novae for a still longer time. At its present 
rate of decline, RR Pictoris 1925, slumld n-aeli its normttl 
minimum brightness by about the yetir 1970. As for RT 
Serpen tis, although very little is known alxjtit this star, it can 
be said with a fair degree of probability, tliat its comi>lcte 
evolution will require more than a century. 

The Physics of Novae 

What are these explosions, anyway? Astronomers have 
gathered a great mass of observational material concerning 
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the changes in brightness and in spectrum of the novae, and 
the reader will naturally ask how far have we progressed 
toward the solution of the problem. We hope that he is not 
expecting too much, because the interpretation of nova- 
explosions is still a rather hazy one. A few stages have been 
investigated with considerable success, but concerning 
others, we are still much in the dark, especially in regard to 
the first act of the drama, and the underlying causes. We 
shall describe briefly the observed facts and then present a 
possible interpretation. 

When a nova approaches its greatest brightness it usually 
shows a continuous spectrum crossed by narrow absorption 
lines which, in its general characteristics, is not greatly 
unlike that of a giant A-star, such as a Cygni (see Figure 58). 
The greatest intensity of the continuous spectrum lies in the 
ultra-violet region. The red part of the spectrum seems to be 
more intense in slow novae than in fast novae. Occasionally 
there may be some weak emission bands accompanying the 
absorption lines on their red edges. The intensity of the 
emission lines decreases generally until at maximum they 
seem to disappear completely. All absorption lines are dis- 
placed toward the violet by amounts which according to the 
floppier principle, correspond to velocities of expansion 
ranging from a few hundred up to 1000 or 2000 kilometers 
per second, and even more. All this indicates that at this 
stage the light of the nova originates from a rapidly expand- 
ing surface, a sort of giant bubble blown out by internal 
forces. 

Immediately after maximum light has been attained, a 
decided change takes place in the general aspects of the 
spectrum. Bright emission lines appear to the red side of the 
absorption lines and grow more conspicuous for the next 
few days. The absorption lines become more numerous and 
more complex. Many absorption lines consist of several 
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components, each .showing a clifrcreiu velocity. Usually the 
low-velocity components gradually disat)pear and new higli- 
velocity lines make their appearance. The vc'loeities of 
expansion are sometimes exceedingly high, as for examph; 
for CP Lacertae which attained a maximum s[)('ed of 3791) 
kilometers per second, or eight and one-half million miles 
per hour. As one would expect, slow novat; show smaller 
velocities, hardly in excess of 1000 kilometers per second. 

With decreasing brightne.s.s comes a general weakening of 
the continuous background of the spectrum, so tliat tlic 
absorption lines become less and lc.ss clearly ri'c'ognizable. 
The bright emission lines, on the contrary, appartnuly gain 



135 


Explosive Stars 

in inteiisity, in width, and also in number, as new lines of 
more and more highly ionized elements appear. Among 
these lines thei'e are the so-called “nebular lines”; sometimes 
these are already visible at maximum, but their intensity 
becomes greater as the nova grows fainter. 

The nebular lines are so named because they are the 
principal feature of the spectrum of a gaseous nebula. For a 
long time many of these lines could not be identified with 
those of any known terrestrial substance and therefore it 
was thought that they were produced by an unknown 
mysterious element which was given the name of “nebu- 
lium3’ In 1927 Bowen, on the basis of atomic theory, 
showed that they are actually produced by singly and 
doubly ionized oxygen and nitrogen. The probability that 
these mutilated atoms radiate — emitting only the nebular 
lines — is extremely low and therefore, according to Menzel, 
a small amount of gas, as that available in a laboratory, 
could not give anything but very weak lines. In nebulae, how- 
ever, where the quantity of gas is large, the total num- 
ber of atoms capable of emitting nebular lines is so great 
that the lines may appear very strong. The failure to detect 
most of the nebular lines in the laboratory is responsible for 
their being called “forbidden” lines. Recently, however, 
they have been produced in the laboratory. The failure of 
the ordinary lines to appear strongly in the nebulae is due to 
the low density and to the fact that the atoms in the nebulae 
are so far away from the source of excitation; a blue hot star. 

In novae the “Nebular” lines apparently gain in strength 
as the continuous background weakens. The spectrum 
completes its evolution from the absorption type into an 
almost pure emission spectrum as the brightness of the nova 
fades to some six magnitudes below maximum. Practically 
all the light of the star then emanates from a few wide bright 
lines. 
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Two years after nia.xiniuiii, with tlu' lading of many of liu- 
earlier emission lira's, especially thos<‘ of llie Haliner series 
of hydrogen, and the ehaiiging in the relative' intensity of the 
more persistent ionized-oxygr-ii lines, the speetntin of a 
nova usually Ixtconu's almost identiettl to that of ;i [)l;m<'t<'iry 
nebula. After a few more years, the nebular lines grow 
fainter, until by the time tli<‘ nova has reached its pre-ttova 
brightnc.ss, only a continuous strip of light, with but little 
evidence of line:s, remains. Tire stitr is at its normal stagr' 
again. 

It is important to rentark that each successive stage* in the 
evolution of a nova occurs tit a jxrint in the light curve wlu're 
the brightness has dropped by jr deliiritt* amount Ix'low 
maximum light. In the ca.se of DQ I lereulis, see h’igure .S8, 
the absorption spectrum remained practically unehang<‘<| 
during the three months or more tliat tin* sttir was hovt'ring 
near maximum, but between Airril 1 and 3, 1935, when it 
suddenly decreased by three magnitmk's, the change to tm 
emis.sion .spectrum took place almost ov<'r night. On tin; 
other hand, the recovery in brightness to tire seventh in.igni- 
tude following the sudden de<"p drop) to niininmm in the 
novf did not reverse the ch'velopnK'nt of the sja'ctrum. 
These strange events must all he k('pt in mind when we 
attempt to find an exjrlanation for the nova phenomena. 

If we arc uncertain about why and how novtic* e.xplode, 
that docs not necessarily mean that we tire unable to con- 
nect at least some of the observed facts, or to find the answer 
to some of the problems raised by the (levelopiiK'iu of tlit* 
nova spectrum. For example, when we observe tliat, at a 
certain phase, the spectrum of a nova looks like that of a 
planetary nebula, we conclude that at that moment the 
light of the nova is produced by a process very much like 
that which causes the planetary nebulae to shine. If we did 
not know how the light of such a nebula is produced, this 
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statement would have very little significance, but today, 
thanks to the work of Zanstra, Menzel, and others, our 
understanding of these strange objects has considerably 
increased. We now know that planetary nebulae, as for 
example the famous “Ring Nebula” in Lyra, see Figure 59, 



Fig. 59. — The ‘‘Ring Nebula’’ in Lyra. 

{Photographed at the Mount Wilson Observatory with the 60 -inch reflector.) 


are composed of a shell of tenuous gases at the center of 
which is a small, but exceedingly hot star. This star is found 
to be dwarfish and blue, not unlike the novae before and 
after their explosions, and emits almost entirely invisible, 
ultra-violet radiation. Its radiation is so energetic, that it 
excites the atoms in the nebulous shell and causes them to 
re-emit light in the visible part of the spectrum. This 
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phoxaomenon of n'-cmissiaix of radiation in the longer wave- 
lengths is not dissimilar to what oeenu’s when a flnoreseent 
substance is energized by nltni-vujh't nKlitition. 

Therefore, wlam novtte show a nelailar spectrum wtt can 
safely say that tlieir light must come from a tenuous slu‘11 
suri'ounding the star its(‘lf; furtlicrmort', ;ts tin* bright 
nebular lines show velociti<-s of exi)ansion, we c;m infer that; 
the shell itself is then ex[)anding. The rtxdity of the expand- 
ing shell is conlirmed by direct observations of novtux In 
1916 Barnard discoven'd ;i laint m'hulosity surrounding 
Nova Persci 1901 that ('xpanded td th(“ rate of ()f4 a yettr. 
Its shape, as revealed later by itctual photographs, was quite 
irregular and there was a fan-like extension whicli in 1919 
reached to a distance of 20" from the star. .Similarly, Nova 
Aquilac 1918 showed in October 1918 a plamuary disk, 
0f65 in diameter, which grew at tin* rtite of 2" a yettr. It 
had moved out by 16" in 1926, giving the stttr the tippcar- 
ance of a real plane* tary ne'bula. Nelxulosity was also observed 
around Nova Cygni 1920, Nova Oitliiuchi 1919, and RR 
Pictoris 1925. 

RR Pictoris presentcxl still anoth(*r strange phenomt'non. 
In 1928, three years aftc'r its explosion, Vtm dt'n Bos and 
Finsen at Johanneslntrg stiw the star surrounded by whtit 
appeared to t)c three sattdlites of unt'cpial brightnc'ss. One 
of these disappeared in 1930, but tlie other tw<x wen* still 
visible in 1934, and they had then drawn ai>itrl from the sttir, 
as if they had been ejected by it. Similarly, 1)^ Herculis wtis 
recognized as an expanding doultle star in July 1935 by 
Kuiper, and V356 Aquilac was st't'u dotibh* by Finseit two 
months after maximum. It is certain that those “Satellitt's” 
were not stars but just tenuous irregular ptitclies of ejected 
material. 

The expanding nebulosities around novai* must not be 
confused with another phenomenon which lias the s:une 
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Fig. 6().—JVehulosity around Nova Persei 1901, 

([.eft) Nov. 7-8, 1901; (right) Jan 31-Feb. 2, 1902. 

apix':aranc’e but which results from a completely different 
cauHc. Shortly after the outburst of Nova Persei 1901, 
;n(J)ulDus patches were detected around the star (see Figure 
60) and observations showed that these patches, while 
continually changing their shapes, were receding from the 
nova at tlic incredible apparent velocity of twenty minutes 
of arc per year (lor comparison the diameter of the moon 
nu'asmx^s 30 minutes of arc). 

From tlu' magnitude reached by Nova Persei at maximum 
we can (‘stimate its distance at about 400 light years, and at 
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such a distance an apparent velocity of 20 minutes of arc a 
year corresponds to a real speed of about 180,()()0 miles per 
second. The reader has probaldy already recognized (ht; 
familiar figures for the velocity of ligiu. 

What apparently happened was the following; the; nova 
is embedded in a dark irregular nebulosity, similar to many 
others found in various parts of the sky. Wlu'u tlie star- 
exploded, only to fade again a few days later, a slioi-t lived, 
but strong, light pulse was sent out iit all directions and 
travelling at the .speed of 186, OOO mik-s pi-r .sc-eond, bj-ight- 
ened up for a few days those neltulous [ratches farthe-r and 
farther away from the theater of ('xplosion. 

Returning to the real ejection of the nebulosity, wc; nott; 
that one of the most interesting ciuestions concerns tlie pos- 
sibility of relation between novae and planetary iK'bulac*. 
Although some astronomers argue that plant'tary nelmlae 
are the product of nova-like explosions, it is not yet po.ssible 
to say whether or not ordinary novae could produce' ijlanr'- 
tary nebulae .such as the Ring N(;bula iit Lyra. As far as our 
present evidence goes, the nebidosities around most novae 
grow very thin after some years and finally disappear com- 
pletely. Explosions of a more viok'iit nature, as those of the 
super novae which we .shall mention soon, coidd b(' lu'ld 
responsible for the production of persisting plam'tary 
nebulae, but this hypothesis meets with (;onsid('rabk' diffi- 
culty in the low expansion velocities, less than 100 kilo- 
meters per second, observed in some of tliesc; nel)idtie. It is 
also possible that a planetary nebula is formed little by little 
by successive explosions of a star, as is siiggestetl l)y a few 
strange looking nebulae which show several irregularly 
interlaced rings. A remarkable fact is that the stars at the 
center of planetary nebulae .seem to have' Just about the 
intrinsic luminosities of ordinary novae at nonnal minimum 
light. 
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Very suggestive are some recent observations which point 
to the possibility that the “Grab Nebula,” an irregularly 
shaped gaseous nebula in Taurus (Figure 61), originated 
from an actually observed nova. According to Duncan this 



Fig. 61 . — The Crab Nebula. 

{Photographed at the Lick Observatory.) 

nebula expands at the rate of 0Vl34 per year and N. U. 
Mayall finds spectroscopically that the velocity of expansion 
is about 1300 kilometers per second. From these data we 
can deduce that the nebula should have started about 800 
years ago. It happens that in the year 1054 the Chinese 
recorded a brilliant new star, whose position roughly cor- 
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responds to that of the Crab Nebula. In view of tlie uncer- 
tainties of the measures, a dilTertmce of 100 yeai’s is well 
within the limits ol' possibility. 

Summarizing observations and tlu-ory we find lirst that 
the surface of the nova swells, and eonlimu's to radiate like 
any other stellar surface, presemting a continuous speetruni. 
This swelling produces an enormous incu'easc' in the apijar- 
ent brightness of tlic star. Aftc>r a wliile, liowt'ver, ihc 
expanding surface becomes thin and triinsparcmt. Uiuh-r 
these conditions it would not contribute apprc'clably to tiu? 
total brightness of tlie nova, but the centrtd st.ir, stripped of 
its outer layers, sends out such a powerful ultra-vioh't 
radiation that tht^ thinning (mvelopc is ('xNted to shines 
somewhat in the way that iteon in an advertising sign is 
made hnninous by electric discharges. This brilliant glow 
by far out-shines the star itself, whiNt in tlu; iiK'antimc 
rapidly fades, and this phenomenon explains why tlie con- 
tinuous spectrum is practically unobsiTvable, altliough the 
bright lines are very strong. As the cnv(d<ip(; grows thimu'r 
and thinner and finally dissipates almost entiredy, so also 
the bright lines fade and long-('xposiire pliotogra[)hs arc 
needed to record them. Eventually thcsi' liru's disaiipear, 
leaving only the very faint continuous s])ectrum of tlu' star 
at normal minimum brightnt'ss. 

All this seems rather satisfactory, Init wc. hnvc not yet 
answered the final question; why do nova explocU'? Tins 
matter is still pretty much in the air. It seems, howevc-r, llia t 
considerable progress has been made by astronomc;rs duritig 
the past few years, especially by the rejection of the old 
“catastrophic” theories. According to Unscikl and Bier- 
mann, there is a zone of instability under the surface of very 
dense stars, such as novae. Normal stars art; in “radiative 
equilibrium” throughout; this means that the outflow of 
energy from any volume of the star is exactly eciual to 
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the energy received from the interior, plus any amount of 
energy that might be liberated inside the volume itself. If 
radiative equilibrium did not rule, turbulent currents 
would be necessary to reestablish a smooth distribution of 
cmergy inside the star. In this critical layer inside novae the 
physical conditions would be such as to allow a state of 
radiative equilibrium only within extremely narrow limits. 
The slightest disturbance, whether for internal or external 
reasons, woxild perturb the equilibrium and cause a violent 
commotion in that part of the star which lies outside the 
critical layer. Biermann even finds, theoretically, a justifica- 
tion for the existence of such a 
layer in dwarfish white stars. 

Recurrent Novae 
We have mentioned the 
possibility that a nova might 
explode more than once. We 
have a very interesting exam- 
ple of olisei'vcd reoccurrence 
in the case of RS Ophiuchi 
which ai>pc‘ared for the first 
time in 1 898 and was then listed 
as a normal nova. In 1933 
Lorcta of Bologna, Italy, while 
observing the well known var- 
iable Y Ophiuchi, detected 
the presence of a strange star which proved to be the old 
nova RS Ophiuchi. Fortunately he first saw the star while it 
was increasing in light. A few days later Peltier of Delphos, 
Ohio, independentiy observed the star, as had been his 
habit for a dozen years or more, and found it bright, but 
evidently on the decline. While it was not surely known 
before that RS Ophiuchi was a recurring nova, Peltier 



Fig. 62. — Leslie C. Peltier. 


Prominent American ama- 
teur observer. 
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appears to have had a “hunch” that it might some day 
reappear. He kept a steady watch. The hunch proved 
correct ! 

When the light curve of RS Ophiuchi in 1898 was su|)er- 
imposed upon that of 1 933, the coincidence was remarkable; 
apparently in this instaitcc whatever happened on tlie first 
occasion was exactly duplicated at the second ajrpearance. 
Let us again examine Figure 54. At the bottom, we find the 
light curves of RS Opliiuchi, U Scorpii, and T Cloronae 
Borealis. We can sec from the light cmve of RS Oi)hiuchi, 
the best observed of the three, that it does not differ (essen- 
tially from that of CP Laecrtae; as for its spectrum, at 
maximum brightness it looks very much like that of any 
other novae and followed a normal development during the; 
decline, save for the appearance of five mysterious Itright 
lines usually present in the spectrum of the solar corona, but 
hitherto never observed in any other star. There are, how- 
ever, some more differences betwceit RS Ophiuclu and most 
normal novae. Fast novae, such as CP IjactTtae, reciuire, on 
the average, a dozen years to return to normal minimum, 
whereas RS Ophiuchi required in 1933 only thnx* years to 
return to its normal state. Ordinary novae hav<; a range 
in brightness very close to thirtc'cn magnituck's, wink' the 
total amplitude of RS Ophiuc'hi was only ('ight magnituckis. 
Finally, normal novae have been observed to (‘xjilode only 
once, whereas RS Ophiuchi has had already two obscrvtxl 
maxima. 

U Scorpii is also remarkable, having exploded thre(‘ times, 
in 1863, 1906, and 1936. On each occasion tlic; l)rightness 
reached the ninth magnitude and the shai)e of tlK‘ curve, at 
least in 1863 and 1936, when the star was well observed, 
was the same. T Coronae Borealis, a short-lived nova with 
range of nine magnitudes, was seen to explode only once, but 
if we may judge by the form of the light curve and the range; 
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of amplitude, we may well suspect it of being a recurrent 
nova. Another nova of this same type is T Pyxidis, normally 
a fourteenth magnitude star. In 1890, 1902 and 1920, it 
increased to the sixth or seventh magnitude. On two of 
these occasions it lingered at maximum for several months, 
not vmlike DQ, Hcrculis. 

'I’he rise to maximum in recurrent novae is extra- 
ordinarily rapid. U Scorpii in 1936 increased at the rate of 
three quarters of a magnitude per hour shortly before maxi- 
mum. RS Ophiuchi was still more rapid; in 1933 there were 
found two photographic plates taken only two hours and 
twenty minutes apart just at the time when the star was 
in the middle of its rise. On the second photograph RS 
Ojihiuchi a[)pcars slightly more than two magnitudes 
brighter than on the first, a rate of increase of about a 
magnitude per hour. 


Super Novae 

Let us now abandon the realm of ordinary novae to make 
the acquaintance of a type of highly explosive star which 
makc's the explosions of normal novae appear like mere 
sncx'/.c's. As we have seen, the average apparent magnitude 
reachcxl at maximum by the hundred odd novae observed in 
the Andromeda Nebula is 16.4. In August 1885 a new star 
apj)carcd almost exactly in the center of this nebula, reached 
the sixth magnitude, and then faded regularly until in 
February 1886 it had become fainter than the fifteenth 
magnitudes If this Nova had flared up in the nebula itself, 
and there was little doubt about that — in view of its position 
so close to the center — then it had reached at maximum a 
brilliancy 10,000 times greater than that of an average 
nova. The Andromeda Nebula itself, with its billions of 
stars, appears of the fourth magnitude, that is to say only 
two magnitudes brighter than this special nova at maximum. 
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Sept. 10 * Oct. 30 Dec. 29 Vvh. 25, 1938 

Fig. 63.— -Super rwva in MXl.C, l(H)3. 

The Supernova is near the left edg’(‘ of (he nebula. 


There were still some grounds for believing tliat tliis nova 
might be a foreground star which })elo.nged to our own 
galaxy, and not to the nebula, but these ideas have bec^n 
definitely dispelled during recent years l)y furtla^r disc'over- 
ies of similar novae in other galiixies. M!ost of tlK'se dis- 
coveries— over 30 supernovae are known to datt^ were' tlu^ 
fruit of a systematic study undertaken at the lVlt)uiit Wilson 
and Palomar Observatories by Zwicky, Baadtb and otlurrs. 
Zwicky’s search involved the continuous photographic 
examination of hundreds of galaxies in certain rt^gions of tlu' 
sky, such as in Coma, Virgo, and Ursa Major, wIkmx^ tlu^ 
galaxies are very numerous. Several supernovae hav(' also 
been discovered at the Harvard Observatory in the course* of 
extensive surveys of external galaxies. 

The brightness of these supernovac at maximum nearly 
equals, on the average, that of the galaxy in which tlK*y 
appear (Figure 63). If the galaxy is a very large one, like the 
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Anclroineda Ncliula, then the supernova will usually ap- 
{jear a lew inagiiitudcs Ikinter; but if the galaxy is rela- 
tively small, tlien tlu^ supernova may even outshine the 
whole system by a magnitude or so. For example, a super- 
nova, which in 1937 appeared in a faint, spiral nebula 
in tlu' cxrnstellation of Clanes Venatici, reached the eighth 
magnituck', while the nebula itself did not exceed the 
thirdamth ! 

Shai)l<'y was tlu'; first to recognize, in 1917, that novae 
actually (all into two classes, normal and super, with a wide 
<livergencc in tluar intrinsic luminosities at maximum 
brig'll tncss. As w(' liavc seen, ordinary novae reach on the 
average, absolute magnitude —6, while the average lumi- 
nosity of supcrnovac at maximum is near —15. In view of 
the fact tliat our Sun is a star of absolute magnitude -(-5, 
we may conclude that supernovae, at maximum, are 
intrinsically twenty magnitudes, or 100,000,000 times, 
brighter than the Sun. 

A sui>ernova that appeared within a distance of 100 light 
yi'ars from our solar system would shine in the sky brighter 
than the full moon. Such a phenomenon was probably 
nevtu' observixl in historic times, in spite of highly poetical 
staltmuaUs of CHiinese annalists who described some new 
stars as Iir’illianl, even as the Sun itself. We know, however, 
of two iirobabk' supernovae that actually appeared within 
our galaxy, but at great distances from us; these were the 
lamous stars ol‘ 1572 and 1604. The light curves of these 
two exceptionally bright novae were very similar to each 
other, but differed considerably from those of normal novae. 
If, on the other hand, we compare the light curves of these 
two novae with those of supcrnovac in an external galaxy 
(Figure 64), we find that there are many points of resem- 
blance. In general, supernovae show broader maxima, 
slower and steadier declines after maximum, and, moreover. 
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Fig. 64. — Light curves of the bright novae of 1572 and 1604 
compared with the light curves of a supernova and an ordinary nova. 

they show a slight acceleration in the decline some ten 
months after the explosion. 

The occurrence of two supernovae in a galaxy in the short 
space of 32 years is very remarkable in view of the general 
rarity of the phenomenon. This particular situation may be 
merely accidental, for since 1604 no nova has been detected 
in our stellar system that is even suspected of having been a 
supernova. 

According to Zwicky, the probability of the occurrence of 
a supernova appearing in an average galaxy is of the order 
of one every 600 years. There arc, however, other facts to be 
considered. Supernovae have never been observed in bright 
galaxies of the elliptical type, but only in spirals, and among 
spirals they seem to prefer those with very open, clearly 
resolved arms. Thus we would expect the frequency of super- 
novae to be greater in the open, spiral galaxies, of which our 
own galaxy seems to be one. This view is supported by the 
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recent discHwery of not less than three supernovae in an 
interval of sixteen years within the open-type spiral galaxy, 
NGC! 3184, and ol two supernovae each in the galaxies 
NOG 4321 and 6946 at intervals of 13 and 22 years, 
rc'spectivcly. 

Littk^ was known about the spectrum of a supernova be- 
Ibre: R. Minkowski of Mount Wilson began his pioneer work 
on them. In lact he had investigated the matter to the point 
whc'i’c' h(^ could, Irtnn the examination of the spectrum of a 
rcx'tuUly discovered supernova, predict with surprising 
accuracy exactly how many days or weeks before that date, 
the star was at maximum. At first glance the spectra of 
supernovac appcxir to be quite unlike those of normal novae. 
'I'hey show an almost continuous background with two 
regions especially bright, one in the violet and one in the 
orange, and are crossed by comparatively narrow and 
stemge looking bands. Recent studies by Whipple and 
PaynmGaposchkin point to the possibility, however, that the 
observed continuous background is not actually continuous, 
and that the appearance of “bands” is only an illusion. They 
think tliat the spectrum is, in reality, mainly composed of 
l)right lines, such as are found for normal novae, and that 
these lines arc so broadened by the terrific velocities of 
expansion involved, that they overlap, giving the illusion of 
a continuous background. The velocities required to pro- 
dut'c line-lrroadening to such an extent would be of the 
order of .SOOO kilometers a second. The spectra of supernovae 
uad(‘rgo, in the course of their evolution, marked changes 
which arc correlated with the light curve. 

Lesser Explosions 

Wc find in the catc^gory of variable stars, a few which 
behave in some respects not unlike the novae. Picture the 
difference in degree between violent volcanic eruptions. 
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which occur cit relatively long intervals of lime, and tlie 
lesser and more frequent eruptions of geysers, and you liave 
by analogy the difference Iretwt'en iKJvae and LI ( leminoruni 
stars. In the U Gerninorurn stars the explosions, if sueii they 
can be called, arc comparatively mild, reaching liv(> magni- 
tudes at the most; but they recur at, sliort intervals of a few 
days, weeks, or months. 

Take, for example, U Gerninorurn which, togetluu- with SS 
Cygni, shares the honor of Ix'ing the most popular stai- of 
this group. Normally LI (h'minorum is V('ry faint, of tlu; 
fourteenth magnitude, .so that an instrunu'iit of fair size is 
needed to .see the star at minimum. You may waleli the star 
for two, three, or four months, or ev('n l(mg(>r, and notice 
little if any variation in its Itrightness. I’lien on a (xnlain 
night, when you have abandoned all Iwjpe of linding tin- sttir 
at maximum, you turn the telescope for anotlna' rouiim> 

estimate of the star, and there it is! -shining so brightly that 

you may need to use the finder if you wisli to make a rtdiabh- 
observation. The increase; in brightiK'ss is sudden, for 
usually it docs not take the star much mon' than twenty- 
four hours to increase from the fourt(>enth magnitude to 
full maximum at the ninth magnitude. If you are fortmuUe 
enough to catch the variable at tlu> beginning of the rise, it is 
a real thrill to watch its brightening hour by hour. 

All U Gerninorurn stars flare up at veu'y irre'gular intervals, 
so that it is absolutely impossible to make; any forec'ast of th<' 
time when the explosions will take place. For U Gerninorurn 
itself (see Figure 65) all possible intervals have; bc-en oirserved 
between the limits of 62 and 257 days, 'riuax; is, howewt'r, a 
statistical cycle of variation for each star of this type. If you 
count the number of observed maxima of U ( haninorum in 
a ten-year interval, say from 1900 to 1910, you will find that 
it does not differ radically from the number of maxima 
observed during another ten-year interval, for exampk' from 
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1930 to 1940. Each U Geminorum star is characterized by 
what may be called an “average” period, although there is 
no evidence for real periodicity. We find that the average 
intci’val between two successive maxima is 97 days for U 
Geminorum; 50 days for SS Cygni, and 17 days for SU 
Ursac Majoris, which is another star of this same type. 

'I'he most active of all U Geminorum stars is AB Draconis, 
with an average cycle of 13 days. The total duration of a 
aiiaxiinum, i.c., the interval from the time the star starts to 
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Ini’, d'7 .- — Liuhl curves of typical U Geminorum stars. 

U (Jcininorum (upper); SU Ursae Majoris (center); SS Aurigae 
(I(jwer). 


increase in Itrightocss, to the time when it again reaches a 
constant minimum magnitude, is about six days for this 
vtiriable, but there arc times when it lasts for only three 
days; a few hours to brighten, a short stay at maximum, and 
tlien two days for the descent. The shortest observed interval 
Ixhwecn two successive maxima for this star is nine days, 
Init the record in shortness, eight days, seems to belong to 
SU Ursac Majoris, for which the average cycle is, however, 
17 days. 

Very fast U Geminorum stars seem to form a group of 
their own. 'There arc nine stars known with average periods 
between 13 and 26 days; they all have a relatively small 
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amplitude, from 2.5 to 4.0 magnitudes, and they show 
maxima of very unequal length. As a rule, when the star 
brightens more than is customary, the maximum is of 
longer duration. Some stars, such as AY Lyrae and SU 
Ursae Majoris, see Figure 65, sometimes show spectacular 
supermaxima” which last almost as long as a whole aver- 
age period, during which time the brightness <\xc('eds l)y a 
full magnitude that of all the other maxima. X Ix^mis, a 
star with an average period of twenty-five diiys, does not 
show superinaxima, but instead pr(‘scnts long and sliort 
maxima which sometimes regularly ahxu'nate lor a year or 
more. Interesting are some periods oriVantic activity in SU 
Ursae Majoris, when maxima follow each otlier at less 
than half the normal interval, and wlum the range decreas(\s 
considerably. One of these peculiar spells is shown at the 
beginning of the light curve of this star in Figure 65. 

Proceeding to U Gerninorum stars with longer cycles, w(* 
first find an interesting group of four stars with periods 
between 50 and 78 days; this group includ(\s S8 Gygni, SS 
Aurigae, RU Pegasi and UU Aejuilae. These stars never 
have supermaxima, but instead, sometimes sliow dilha'ent 
type of maximum, which has been called '■^inomalous.” 
These anomalous maxima are characterized by a slowcu' risc^ 
which lasts several days instead of approximatedy Iwt^nly- 
four hours. One of them is shown in the light curve of 88 
Aurigae in Figure 65, next to the last. Anonuilous maxima 
are usually symmetrical in shape, the rise lasting just about 
as long as the fall. 

If one again examines the light curve of 88 Aurigae, he; 
will notice the wild, zig-zagging fluctuations at ihx^ kd't. 
These erratic variations occur without warning, after years 
of perfect normality. SS Aurigae showed no sign of inxgular 
behavior during the first twenty years after its discovery, bi.it 
in 1929 it began a series of marked eccentricities, starting 



Fig. 60.' — Light curve of SS Cygni 1896-1933. 


to rcbrighten, for cxaraple, before it had actually reached 
normal minimum brightness. The peculiar behavior lasted 
for several months, after which the star returned to its 
normal condition. 

SS Cygni is even more frequently subjected to such 
irregular spells (sec Figiare 66). The most important ones 
took place in 1907 to 1908, 1930, and 1933 to 1934, but there 
were milder attacks in 1916 and 1936. RU Pegasi is a 
curious star which is irregular most of the time and only on 
rare occasions does it qualify as a regular U Geminorum 
star. On the other hand the fourth star of the group, UU 
Aquilae, although yet scantily observed, seems to be rather 
regular. 

Finally, we have five stars with longer average periods, 
from 97 to 340 days, among which there is U Geminorum 
itsclt These stars are never subjected to irregular spells, nor 
do they show anomalous maxima. In U Geminorum long 
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and short maxima alternate sometimes for many yc^ars, but 
from time to time the succession is inverted* All five show 
rather large ranges, around five magnitudes. 

The spectra of the U Geminorum stars, following some 
early researches on SS Cygni by Adams and Joy, havc^ Ixxai 
further extensively studied during tlie i)ast two years by 
Elvey and Menzel. The spectra all show the sanu^ cliaracter- 
istics. At minimum the spectrum consists of I)riglrt 3 wid(% 
hydrogen and helium lines, with only a feint tracx': of a 
continuous background. When the star briglucas, (lie (con- 
tinuous spectrum grows incnxasingiy stronger; iit tlie siinu! 
time the bright lines do not incn*ase in intensity at tli(‘ same 
rate. Shortly before maximum the continuous I)a('kground 
becomes so bright that the bright lines are no longer dis- 
tinguishable, and the spectrum appears as a continuous 
strip of light, with its greatest strength in the ultra-violet 
region. At the veiy maximum, as the inUmsity ol‘ the con- 
tinuous spectrum further increases, tlie strongest liydrogen 
lines appear in absorption, as fuzzy and weak lines. If 
the star lingers at constant maximum brightness, th(': si)ec'- 
trum remains unchanged; it starts to evolve liackwards only 
when the star begins to fade. Thus thc^ sp(‘ctrum ai)i)(xirs to 
vary along with the brightness of the variable. 'Tlie maxi- 
mum intensity of the continuous spectrum shifts ferther into 
the ultra-violet as the brightness of the star inecreases. In 
general, the U Geminorum stars are definitely bluisli-whit(c 
in color. The photographic amplitudes of these stars arc* only 
slightly in excess of the visual ranges. 

Although the hydrogen lines and a few lines of liigiier 
atomic excitation, such as those of neutral and ionized 
helium, are present in the spectra of the U Geminorum 
stars, the general aspect of the spectrum corresponds to a 
much lower energy of excitation than that of a normal nova 
at maximum. The general behavior of the spectrum, liow- 



155 


Explosive Stars 

over, recalls to mind that of the novae, in particular the 
fact that at maxinmm it is of the absorption type, and that 
it changes into an emission spectrum as the brightness of 
the' star lades. Allhcjugh the lines are fuzzy and the measures 
diflicnlt, it see'ins that the velocities of expansion for the U 
(!(*nunurum stars, which are of the order of one hundred 
kilonu'ters [)er se'C.ond, arc much smaller than those observed 
in regular novae. 

'I’lu' ta)nn('c(ion between U Geminorum stars and novae is 
fui'tlier emiJhiisized by still another fact. As we have seen, 
last U ( Jemiaorum stars, with cycles between ten and twenty 
days, hiiv<' amplitudes around three magnitudes. Those 
witli cycU's betw('cn 50 and 70 days have a range of four 
magnitudes, while for those with still longer cycles, the range 
amounts to about live. The longer the interval, the bigger 
the l)urst ! At this rate of change of amplitude with cycle- 
lengtli, we sho\dd expect U Geminorum stars with cycles of 
.50 or 40 yciu's to have an amplitude of eight or nine magni- 
tudes. Now this amplitude is just about that of the recurrent 
novae, sucli as RS Ophiuchi and U Scorpii, which as far as 
we are tiwarc', have exploded at intervals of 30 to 40 years. 
'This eon-elation was pointed out a few years ago by Kukar- 
kin and Part-nago, and is highly significant. 

If w(^ try to fit ordinary novae into this scheme, then, 
from tlieir average amplitudes of thirteen magnitudes, we 
might d('rive for them average cycles of 10,000 years or 
more. If the n-lation holds and the extrapolation is ac- 
ceiited, Ibis might explain why most ordinary novae have 
not bei'n observed to explode more than once. 

A diHerc-nce between U Geminorum stars and novae is 
found in tlieir apparent distribution in the sky. Novae are 
usually found along the Milky Way, or not far from it, 
while U Geminorum stars, although more abundant in 
these regions, are also found in other parts of the sky. This 
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difierence, however, is not unique, since we find a similar 
discrepancy in distribution in the family of Gepheids. 

U Geminorum stars are all extremely faint; the brightest 
among them, SS Gygni, appears of the twelfth apparent 
magnitude at noraial minimum brightness. One cannot 
escape the conclusion that they arc dwarfish stars and since 
their colors are white, they must be some varied y of white' 
dwarfs. From their annual motions in the sky, Kukarkin and 
Parenago conclude that they arc' |)rol)al)ly intrinsie'ally 
fainter than novae at normal briglitness. 
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Fig. 67. — Five .seclimis of light curve of RX Amlromedae. 


Z Camelopardalis Stars 

The U Geminorum family as a whole is a rather (jue<>r 
family. Wc have, however, not yet made tlie acquaintan<'e 
of its queerest members, the Z Cameloimrclalis stars. There 
are only a half dozen such objects, but they inakt; up for 
their rarity through diversity of behavior. As a good <'xarn- 
ple of what one of these stars can do, we pi'c'sent to our rc'ad- 
ers the five curves in Figure 67. Thc^ are not, <is you may 
at first think, the light curves of five dilfcrcnt variables, but 
five sections of the light curve of one star, RX Andromedae, 
at different epochs. 

All Z Camelopardalis stars have rang(^s of about tliree 
magnitudes. When their variation is “regular” - and this 
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dot's not hap]x'n too often — they behave very much like U 
(ieininonun stars of short “period”; the only difference 
being tlial llu'ir pta'inanence at constant minimum bright- 
iK'SS is relativf'ly shorter, and the amplitude of the variation 
soin(wh;it smaller. Their cycles during these “regular” 
spells all hill between 13 and 22 days. 

Although reguhir variations have been observed to con- 
tinue for as long as a year or more in the two most repre- 
stuitative stars, Z Camelopardalis and RX Andromedae, 
rnueh of tht'ir time is spent in erratic fluctuations, during 
which the range of variation is considerably reduced. One of 
the strangest characteristics is that from time to time they 
taki' a sort of vacation, and remain at almost constant 
liriglitness. 'rhese vacations may last from a few weeks to 
many months, and at those times the brightness of the star 
apiicars to remain more or le.ss approximately one-third of 
th(' way from maximum to minimum. Why just there, no- 
body knows; nor do we know why they take these vacations. 
T’he most leisurc'ly member of the family seems to be TZ 
Persei, which remained at constant brightness during a 
whole year, without interruption. 

Notliing was known about the spectra of Z Camelo- 
pardalis stars until recently, but now Elvey has shown that 
they do not difler, as far as their general aspect and behavior 
are concerned from those of ordinary U Geminorum stars. 

Probaltly to be included in this group are two other stars, 
CN Orionis and AH Hcrculis, which are white in color and 
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undergo semi-regular variations of three magnitudes. Both 
show a smooth light curve with no major irregularities. GN 
Orionis (Figure 68) has an average period of 18 days, AH 
Herculis, of 19 days. The reason why we believe these two 
stars belong in the Z Camelopardalis groui) is the fa<a that Z 
Camelopardalis and RX Andromedae often vaiy in this 
special manner; also, there is no other place for them in our 
listing of types. 


Nova-like Variables 

Our picture of exploding stars would not be compleK^ if 
we did not say a few words about some other variabh's th;it 
show, or have shown in the past, behavior and pliysical 
characteristics similar to those of the novae. I'he best known 
nova-like variable is Eta Carinae, a star that now shines as 
a quiet telescopic star of the eighth magnitude in a crowded 
region of the Milky Way in the .southern hemisiihere, l>ut 
whose past is full of glorious splendor. The recordixl history 
of this star dates back to the end of the 17th (xmtury, wlien it 
appeared as a star of the third or fourth magnitude'. At thee 
middle of the 18th century, it was certainly lirighti'r, of the 
second or third magnitude; then it dimmed a littU', but this 
was only a temporary decline, because the greate'st display 
was yet to come. Around 183,5 Eta Clarinae baldly incrc'ased 
to the rank of the first magnitude stars, and with slow oscil- 
lations, finally reached a peak in 1843 at magnitudes —1, 
becoming the second brightest star in the sky, exceeded only 
by Sirius. It remained brighter than the first magnitude 
until 1858, when it began a steady decline, and by 1865 
it became too faint to be seen with the unaided eye (Figure 
69). During the last forty years its brightness has been prac- 
tically constant, of the eighth magnitude. Nothing is known 
about the spectrum of Eta Carinae when it was a lirilliant 
star. Today it shows an emission spectrum not unlike that of 
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Nova Hcrciilis in the latest stages of its first, rapid decline. In 
1 890, during a st^condary maximum, when Eta Garinae had 
briglvUnuxl to mort^ than the seventh magnitude, a strong 
(‘oritlixuoiis spectrum was visible, crossed by many absorp- 
tion lilK^S. 

A i )ecniliar group of six variables, of which Z Andromedae 
is tlu^ b<‘st known, is also affiliated with novae. They are 
nornially nnl stars, with Af-type spectra, and they show slow 



Mtij^nitadc Carve oP UCarlnae, 1836-I90JI. 


ISjf. 1)9, liffhl curve of Eta Carinae 1836-1902, 

(Jtms) 

s(‘nvi-rc‘gular, or irrt^guiar, fluctuations of small amplitude, 
not dissimilar to those of a Orionis and other Af-stars. At 
tim<*s, liowever, they suddeixly increase by about three 
rnagnitudt's, and on these occasions the Af-type spectrum is 
ov(a"-])OW<axxl by that ot a hot, blue star with nova char- 
actc'ristic's, which sliows that we probably are dealing here 
with a system of two stars which influence each other by 
sonic inystcrious intcr-action. I he increase in brightness and 
tlu^ su!)sc(ju(aU decline, with oscillations, is much slower 
than in ordinary novae. When the star has again become 
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faint, the nova spectrum, which in the nu'aiitime lias sliown 
a nova-like evolution, disappears. Z Aadromt'dac (Figure 
70) “exploded” in the years 1901, 1914, and 1940. 

One more variable star, probably I'clali'd to novae, is V 
Sagittae, an active variable with a range of four magnitudes, 
in whose erratic variations two periods, one of 17 days, and 
the other of 530 days, arc .sometimes discernible. Its spec- 
trum, which is continuous, with the gn'att'st stnmgth in the 
ultra-violet region, shows a few helium emission lines. Its 
variations, as C. Payne-Gaposchkin suggests, recall .some- 
what those of Nova Persci 1901 after return to normal 
minimum, and it is not improbable that V Sagittae was 
actually a regular nova .sometime in the past. 

Thus have we arrived at the end of our story about 
explosive stars. In view of their temperamental character, 
you must agree that they play a somewhat dramatic role in 
the field of stars that vary. Although we have by no means 
learned the real causes which produce them, yet we have 
been able to peer into some of the factors which govern their 
actions and to show how, if not exactly why, they explode; 
and produce such spectacular and remarkable aspects. 
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ERRATIC STARS 


W V. HAVK IN Till'’, CHAl’TER ON ReD VARIABLES ALREADY 

made (he a('(|uaiiUaiK'(“ of stars that vary irregularly. There 
it was shown llial tlu' red, irregular variables were linked 
up witli tlu' s('ini-r(‘gular, red stars, and the long-period, 
Mira stars. W(' liav<' also mentioned in another chapter, the 
ratlier irregular variables of the U Geminorum and Z 
Clanielopardalis tyja'S, which, because of their peculiarities, 
were grouiied with llu‘ explosive stars. 

In this I'liapter w(' shall treat those variable stars which 
apjjeai' to Iw' totally irregular, not only in range of light 
variation, Inil also in the frequency of their cycles of change; 
stJirs whieli can not well Ix' included in the three main fami- 
lies of intrinsic variablt‘S. These erratic variables, as we shall 
dt'signate them, appear to fall into four separate groups, 
although it is not to be understood that these stars are closely 
related in any way. 

R (loRONAE Borealis Stars 
If you liad started to observe R Coronae Borealis when at 
maximum in tint summer of 1925, with the expectation of 
soon noting a decided decrease in light, as happened with 
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one of the authors, your pati<‘ncc would liav(' Ix'en sorely 
tried. In fact at that time, and for nearly ten years follow ing, 
the brightness of the valuable remained pnielically eonslani, 
at the sixth magnitude, close to naked-eye visiliility. R 
Coronac Borealis is not a variable with a small range in 
brightness; on the contrary, whtui it does decrease' in light,, it 
may sink for nine magnituch'S, e:xceed('d in range only by 
some of the novae. Although R (bronae Borealis has tlic 
general habit of remaining at nearly constant lirightiu'.ss for 
most of the time, it does, without thi! least warning, <lrop 
hurriedly to a minimum, at almost tiny magnituch' hetwei'ii 
6.5 and 15. As a rule the star remains at minimum for a few 



Fig. 71. — Light curve of R Coronac Borealis 1921-BW. 


months, or a year or more, but it has Ix'en known to rem.iin 
in an abnormal state, below its usual maximum lirightness, 
for ten years. While the drop to mi,nimum is usually very 
sudden — at times decreasing some sevcm magnitiuh's in a 
month — the recovery is u.sually slow, accompanied by very 
marked fluctuations, before the star attains normal, maxi- 
mum brightness again. The variations are illustrated in 
Figure 71. 

It is difficult to find a perfect regularity among natural 
phenomena, for there are always some perturbing factors to 
spoil the regularity. Even the most regular variables, the 
Cepheids, undergo slight changes in period as well as in 
shape of their light curves. Yet it is perhaps still more diffi- 
cult to find a completely irregular phenomenon, since al- 
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most every natural event follows some statistical rule. 
'Flu; fluctuations of the irregular, red variables are confined 
within certain limits, and we may determine for them a 
“most jrrobablc” length of cycle, and amplitude of variation. 

A Ihw ytuirs ago the light curve of R Goronae Borealis was 
usc'd as a suljject for a statistical investigation by T. E. 
Stenu', wlio found that this particular star is really an 
“iclt'al,’'' irregular variable', with not only completely ir- 
regular amplitudes of variation in light, but one for which 
the times cd' minimum are distributed absolutely at random, 
according to the; Itiws of pure chtxncc. 

'Fhett* tire only tibout a dozen variables which can, with 
ci'i'tainty, be classed as R Goronae Borealis stars. Those 
for which spectrti are known belong to Glasses G and R, 
with super-giiint characteristics. R Goronae Borealis itself 
is chissed tis GO, which, were it not for the presence of some 
Ijeculiar spectral lines, would make it appear very similar to 
ii chissical Gi'plieid. The peculiar lines to which we refer are 
due to an excess of carbon in the atmosphere of the star. 
According to L. Berman the atmosphere of R Goronae 
Borealis is comijosed of 67 per cent carbon, 27 per cent 
hydrogen, and the remaining six per cent of light metals 
anti otlu'r elements. 

We lint! in this extraordinary abundance of carbon a very 
[ilausible t'xplanation for the variation in light of R Goronae 
Borealis stars. Berman and O’Keefe think that the role 
which ctirbon pltiys in the atmospheres of these stars is 
mucli like that of water vapor in the Earth’s atmosphere. 
Under normal conditions the carbon would be vaporized 
and thus mack' transparent to the radiation from the star’s 
surface. As water vapor in our own atmosphere condenses to 
water droplets, or solid ice crystals, thus forming opaque 
cloticis, so c-an we imagine that a slight variation in tempera- 
ture, or .SOUK' other cause, would produce a similar con- 
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dcnsation in the carbon vajwr of the (loronac liort'ali.s 
stars. Thus it can readily be S(*en wliat lh<‘ resuhiiif^' eoiidi- 
tion on stars would be. I’lut carbon, as one of t!u‘ most 
opaque of sultstaiuxts, would need to prorluee only a very 
thm veil around tlic star in orchu' to cut oil’ enotigli light to 
make the star itself seem to almost <lisai)[)ear. 

All R Coronae Borealis st.irs show a large range in total 
brightness, between five and niiu* magnitudes. One of the 
most interesting of these stars, RY .Sagittarii, shows, in addi- 
tion to its large en-atic fluctuations, ti s<‘mi-r<'gular variation 
of about half a magnitude', with tin tivenige p<*ri(Kli<'ity 
of 39 days. These superjKwi'd fluctutuions, with a jieriiKl 
and range of magnitudi' typical for long-iieriod ( lejjheids 
(although the lattt'r are much more uniform) tire of furt her 
interest because the sjiectrum of RY Stigitttirii, tis for R 
Coronae Borealis, shows many features eonmum to the 
spectra of classical Cepheids. R Coronae Bort'ttlis stars timl 
Gepheids, in spite of their radically different iK'havior, mtiy 
have more in common thtin we would tu first liave e.-speeied. 

Nkbuiar Variahi.ks 

The vast space between the stars is by no means empty. 
Especially near the plane of the Milky Way wt* find much 
evidence of diffuse, irregularly distriltulc-d mii.sses of cosmic 
dust, which must produce a dimming eflect on the light of 
the stars which lie beyond. Sometimes these patches of 
cosmic dust, or dust clouds, are clo.se enough to bright stars 
to reflect their light and tlu'n become visible as dilfu.st' 
nebulosities. The spectroscope reveals tliat the ir'IjuIous 
material is composed not only of small jairtieles lint tilso of 
gases that become luminous under the influence of th<' 
radiation of hot, nearby stars. 

In some of the.se regions where the nebulous m:it('rial, 
whether dark or bright, is particularly dense, we fmd 
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variable stars in al)imdancc. The variations of such stars are 
uBiially erratic and ol a peculiar nature, obviously suggesting 
that the cause ol tlxc fluctuation in light lies in the nebulos- 
ity, rather than in the stars themselves. Nearly a hundred 
inx^gular variables have been found within the confines 
ol the (ireat Orion Nebula, and some fifty others in that 
region arc: sus[)(xvttKl of variability. Other groups of ir- 
regular varial)k‘s are found in, or near, other bright nebu- 
lous rc'gions, as for (example in the regions of Eta Carinae, 
the Pleiad<'s, and also in the patch of dark nebulosity in 
Corona Austrina, 

Tlu^se ‘^‘nebular” variables usually display rather small 
line tua lions, of the order of one or two magnitudes, but 
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Ini'. 72.- —light curve of T Orionis 1928-1929. 

frcqvu'ntly much lc;ss, and they show a definite tendency to 
rc'niain longtT at maximum light than near minimum 
brightness. One of the best known of these nebular stars is 
'.r Orionis, usually of the tenth magnitude, but often de- 
creasing to the eleventh or twelfth magnitude; it is found at 
the sharp edge of a wing in the giant “Bat-like” figure of the 
Oriou Nel>ula. On occasion, T Orionis remains at almost 
constant brightness for two or three months, but more 
fretpiently its light variations are a succession of rapid, 
irregular fluctuations. Sometimes the decreases to minimum 
l)right iies.s require but a few days and are followed by more 
gradual increases which are interrupted by a fading away 
again bedore another period of apparent calm has been 
reached. Whether or not these sudden drops to minimum 
an; simply tlu* result of a temporary cutting off of the light of 
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the star caused by the passing of dust clouds between us and 
the star still requires investigation; it is not easy to ex- 
plain the more rapid decreases to minimum by simple 
occulting. It is very probable that the relation between 
nebulosity and stellar variation is of a complex nature. 
Perhaps part of the explanation may lie in tlie cllcct of the 
nebulosity upon the atmospheres of the stars themselves. 
The erratic variations of T Orionis are shown in Figure 72. 

T Orionis is, perhaps not typical as regards thti behavior 
of nebular stars; its fluctuations seem to be much morc‘ ra|)id 
than those found in the average nebular variabk^ ( lenerally, 
it is very difficult to obtain complete and reliable liglvt curves 
for this type of variable, mainly because of the uncertainty 
encountered in estimating the brightness of an ol)jcct 
enmeshed in nebulosity. Some variables, such as R Mono- 
cerotis, R Coronac Austrinae, and RY Tauri, appear to be 
located at the tip-end of small fan-like nebulae, resembling a 
comet with the star as head. The nebulae themsc‘lves aj)pear 
to fluctuate in brightness as the star varies. It is not yet clear 
whether the variations found in such systems of star and 
associated nebula represent the same phenomc^non as 
those we find for the irregular variables in the large difrus(': 
nebulae. The available data are still too scanty to allow us 
to decide whether or not we have to deal here with one or 
two distinct kinds of variables. The R Monocerotis nebula 
is shown in Figure 73. 

Nebular variables belong generally to spectral classes If 
Ay and F. In their spectra are found some peculiar bright 
lines, the presence of which can be explained by the excita- 
tion of the surrounding nebular gases. Some white varial)les, 
such as BN Orionis, WW Vulpeculae, YZ Gephei, and VX 
Cassiopeiae, with no visible nebulosity around them, show 
variations that closely resemble those found for the known 
nebular variables, and should probably be classed with 



Fig, 73, — Hubblffs variable nebula associated with R Monocerotis. 

TIh* variabit* star is at the lower tip of the nebola. {Photographs made 
ttnth till’ lOO-im'h li’lexcopti at the Mount Wilson Observatory, September 18, 1920 
and .N’avnnber I, 1921.) 

iIk'H). YZ Cleph(;i, in particular, shows extremely rapid 
variations in light, interrupted by constant maxima which 
arc similar to those observed in T Orionis. 

Var.iahi.es of the RR Tauri Group 
The variables of the rapidly varying, erratic type, typi- 
fu'd by RR '.rauri, are relatively few in number and show a 
consitl<'ral)le range in magnitude. In RR Tauri itself, sud- 
(km changes in light amounting to two or three magnitudes 
frequently occur within a few days, while at other times the 
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changes arc sinall anc! d{“c'i<lc(ily slow. RVV Ai irigat* vari<“S so 
rapidly that it lias been difficult to obtain a relialile liglit 
curve in spite of the combined ellbrts of several ohs<*rv<*rs. 
Its variations appear to consist t)f two sorts of irregular 
waves, one with a length of a few tlays, tlie otlier of several 
months. I’hc variations of RR 'I’auri arc siiown in Idgure 74. 

The spectra for RR Tauri, RY Orionis, and UX Orionis 
arc not known, l)ut we do know that RW Auriga<' is a yel- 
low star of specUral type 6’(). All four of tiie.se stars are yel- 
low in color, and they [ire.sent similar variations in liglu. 
Two othi'r varialiles of tin; same sort, SY Clancri and (lO 



Orionis, with large amplitucU's, are definitely white in color. 
It is difficult to say whether or not the.se olijects, so lew in 
number, represent a distinct, homogeneous group of varia- 
bles. The Gaposchkins suggest that the RR Tauri stars may 
be related to the nebular variables. 

Probably related to the RR Tauri stars arc RY Bootis and 
UY Aurigae. The former, with a variable spectrum of da.ss 
P, has a total range in light variation of only half a magni- 
tude, and although the variations are, in general, sinall and 
irregular, they show, at times, traces of a nine-day periodic- 
ity. UY Aurigae, which has a G-type spectrum, and which is 
located in a heavily obscured region, exhibits frequent 
fluctuations in what appears to be cycles of nineteen days, 
but then again, at times, not the slightest evidence of 
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n^gularity prevails and the light curve becomes a veritable 
juinl)le. 


Gamma Cassioputae and P Cygni Stars 

Gamma Gassi<)])eia(', the central star of the five which 
fonn tlu^ well-known “W” of Cassiopeia’s Chair, was, until 
1936, Itelieved to be non-variable. Its spectrum is what is 
known as a very “early” type, J? 0 , and it shows peculiar, 
bright hydrogem lines, each line being split into two com- 
ponents by a dark absorption line in the center. This type of 
speetrurn is not common, although there are known to exist 
more than four Imndrt'd stars with the same characteristics. 

Th(>re is no doubt that between the years 1890 and 1910 
the briglitness of 7 Cassiopeiac was practically constant, at 
magnitudes 2.2.3, about the same as Polaris, the Pole Star. 
In 1936 a marked increase in the brightness of 7 Cassio- 
peiac was notf'd, amounting to at least half a magnitude, 
and until Aj)ril 1937 its brilliance had further increased to a 
msiximum of 1.6, only slightly less brilliant than a Cygni. 
Almost immc'diate'ly the light of the star began to decrease 
at a moderatedy rairid rate until, in November of that year, 
it had reaelu'd its normal magnitude of 2.25. But, curiously 
<'nough, it was not content to remain at the magnitude 
wliich had prevaiksd for so many years, and the star con- 
timu'd to deer(‘a.se in brilliance until, in 1940, it had faded 
to th(“ tliird magnitude, see Figure 75. 

Aecomptinyittg these light variations there were also 
vtiritdions in tlie spectrum of the star. Before 1932, no ap- 
[)reciable sirectral elianges had been noted, but in the spring 
of thiU yeiir tlie aspect of the double, bright, hydrogen lines 
changed considerably; while one of the two components 
gradually grew fainter, the other became relatively brighter, 
laitc'r this condition was reversed, and the component which 
was tit first the fainter, finally exceeded in intensity that of 
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Fig. 75.- IJghl curve of (kmma (lassiopeiue. 


the other. It is v('ry probable tliat tlie liglit variations sltirKxl 
when the spectral ('lianges I)egan, but they a})j)arenlly went 
not conspicuous and we have no record of any variations in 
light until 1936. At the time of maximum light, the absorp- 
tion lines in the spectrum appeared strong, but when, in 
1938, the star had diminished in light, th(^se al)sorption lines 
had weakened and tint l)right emission lin(\s had Ijecorrut 
relatively stronger. It may be recalled that a similar bet- 
havior of the bright and dark lines is ol)S(Tved in the novat*, 
although the spectrum of 7 Gassiopeiac can not be said to 
resemble that of a nova. 

Merrill and Miss Burwell sugg(^sted, some yt^ars bdbrt^ the 
variability of 7 Cassiopeiae was discov(a'(^d, that the sj)ectra 
of most i?-typc stars with l)right lines arc^ varial)le* 
McLaughlin points out that the one particular character- 
istic of these spectral variations is the long interval • per- 
haps a century or more---of almost complete inactivity, 
broken by short periods of activity during which times 
semi-periodic spectral changes, that last for several years, 
are recognizable. 

Other 5-type stars with bright-line spectra which were 
previously known to vary are Phi and X Persei A few 
others have been found recently, among them BB' Gygni, 
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which liiis a range in light variation of about four mag- 
nitudes. It is irossihle that all 5-stars with bright lines, if 
carth'ully observed over many years, would show signs of 
varial)ility. 

A groui) of stars which probably are closely allied to stars 
similar to 7 ( lassiopeiac are the so-called “P Gygni” stars. 
M’lu'se stars show spectra with a continuous background, not 
unlik(“ tlu' 5-stars, in which the lines of hydrogen, helium, 
and ionized oxygen an; present, both as dark absorption and 
bright emission; tlu' Ijright lines arc always to the red side of 
tlu* dark liiK's. P dygni itself, now a star of the fifth magni- 
tude, has in the past displayed a behavior not far different 
from that of 7 ( lassiopeiac. Twice during the seventeenth 
ccmtuiy P ( lygni increased in brightness to the third magni- 
tud('. This star has often been called “nova-like,” but its 
giant eliarax’teristics most P Cygni stars are probably on 
the* avei’age l(),t)l )0 tinu's more luminous than ordinary 
novae at their normal, minimum brightness — ^make it 
difhcult to i)lac(> it in the sequence of the dwarfish explosive 
stars. Of tlu* dozen or .so stars with P Gygni spectra, several 
art* known to hi* variable stars. 

It has Ijeen sugg(*sted that the variations in such stars as 7 
( lassiopeiac* and P (lygni may be due entirely to changes 
occurring in the higher levels of the .stars’ atmospheres, 
where* the Itright lines suitposedly originate. But the marked 
changt's in the absorption lines, accompanied by rather large 
liglit variations in .soiiu* of these stars, seem to favor the idea 
that tlu* chang(*s involve somewhat deeper levels, including 
the* actual sm'f:tc(*s or photospheres of the stars. 

It c(*rtainly is remarkalrkc that the changes in the intensi- 
ti(*s of the diirk Jind la-ight lines in the spectra of P Gygni 
stars sliow somtt analogy to the changes in the spectra of 
novae. We must .not forget, however, that, just like novae, 
these stars are very hot and that the strong ultra-violet 
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radiation may well produce similar reactions in the sur- 
rounding atmospheres, even though the internal sti'uctures 
of the stars may be radically different. Accordingly, it is 
yet too early to propose that the early spectral type varia- 
bles, such as 7 Cassiopeiae and P Cygni, are related to 
novae. 
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U P TO THIS POINT IN OUR STORY, WE HAVE DEALT ALMOST 
exclusively with thi' stars that are inherently variable; that 
is, witli those stars wliich go through their light variations as 
the r(‘sult of physical changes in the stars themselves. But 
thert' is a class of variables which does not change in light 
througli any internal causes. These stars neither contract 
nor ('Xpand, they do not change their temperature, nor do 
tlu'y vary Ix'causi* of changing conditions in their atmos- 
plu'i'i's. In ollu'r words, when they vary in light, it is only 
lieeanse of eireets n'sulting from their geometrical positions 
as view<*d from (h<‘ harth. As seen from other positions in 
s|>ae(‘ many of tlu'se same stars would appear to be of con- 
stant brightness; wliile some others, now considered as non- 
variabk', would apiiear to be variable. Such stars are known 
as eclipsing binaries. 

If you sciin llic sky with the aid of a telescope, you will 
soon notii'c that not all stars appear single. Often a star 
which looks like any other star, when observed with the 
nakt'd (*ye, appixirs in the telescope to be actually composed 
of two stars in close iiroximity. Frequently the two stars are 
wliit(‘ and approximately of the same brightness, but in a 
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good many instances the pair is composed of a bright red- 
dish star and a fainter companion which, l:)y contrast, 
appears blue or greenish. Colort'd double stars of this sort 
present some of the most beautiful t<'l(‘Scopic sights. Objects 
.such as /3 Cygni, a Herculis, and 7 Andronu'dac' tire well 
known to all cnthttsiastic. star gazt'rs. 

Sometimes the proximity of two stars is only a|)parent. 
One of them lies much closer to us than tlu' otht'r, ;tnd it is 
only by chance that we observe them as doubk* stars. 'FIk'sc 
are generally referred to as optical doubles. More ol'ten the 
two stars arc actually physically associated in space, held 
together by the force of gravitation which cumst's theun to 
revolve about each other. These are known as binary suirs. 
Sometimes .such “physical star systems,” .so named iit con- 
trast to those in which the nearness is only apitanmt, con- 
tain also a third star; even quadruple and ciuintui>le stars 
have been observed. 

More than twenty thousand double and multiple' stttrs 
have been discovered by telescopic observations. In many 
cases the components of a binary star take? ct^nturit's to 
revolve around each other, but in other instances tlieir 
periods of revolution amount to only a lew decades. The 
shortest known period is that of the star BD — 8”43.S2 
recently discovered by Kuiper, which requires only ti 
year and eight months to conii)k'tc a revolution. 'I’his, 
however, is by no means the shortest period possilik' for 
a binary star. Pairs with short periods are usually neart'r 
together than those which revolve slowly. The reason wliy 
we do not observe visually double stars with pt^riods shorter 
than a year, is that our telescopes arc not powerful enough 
to separate the components. 

To detect double stars that revolve more rapidly, we have 
to make use of our good old friend the spectro.scope. If a star 
is double, no matter how close the two components are, it 




F/X'. HI. 'Turn spectra of the spectro.mpic Unary ffta Ursae 
Majoris (Mizar). 


In till* lower ,s|)<-('irum all lines ai^pcar double. Above and below each 
.sptH'tnmi of tin* .siar a laboratory iron arc spectrum is shown for 
comparison. 

will show two stipt'rimiKJsed spectra. When the two spectra 
dillVr coiisklorahly, it will not be difficult for the experienced 
astrononuT to <li.scntanglc them; the troubles begin when 
the stars an* twins, with identical spectra. The astronomer 
flits, however, it dett'ctivc in the Doppler effect. As the two 
eoinpoitcnls move in their orbits, the velocities in the line of 
siglit will change. ( lonst'quently the whole set of lines of one 
speetruni will shift with respect to the set of lines in the other 
speelruin, and lioth sets will .swing back and forth in the 
period of revolution of tht* system. (Figure 76.) 

By wiitehing the change in position of the spectral lines, 
the period of revolution of any binary star can be deter- 
mined. Some of these “spectroscopic” binaries, as such stars 
ar<‘ called, have {leriods of several years, comparable with 
those of tlu' shortest visual binaries, but most of them revolve 
mucli faster and [it'riods of a few days, or even less than a 
day, are not unusual. 
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Eclipsing Binaries 

Under special circumstances a cknible star, for whicli the 
components are so close tliat they cannot lie sei)arat(Ni 
telescopically, can be cU'tectt-d without tin: aid of the spc'ctro- 
scope. This condition prevails when tlu' orliital iilane of tlu‘ 
pair lies very nearly in our line of siglit; the two comiionents 
are then bound to pass one in front of tlu^ utliei- at <‘V(‘ry half 
revolution. What the n'sult will be can lx* ri'aclily iinagitu'd 
from what occurs when the Moon jiasses in IVont of the tSun 
during a solar eclipse. Part, or sometinu's all, of the* light 
coming from the eclipsed componc'nl of the star will lie cut 
off and we therefore observe an ap{)urc‘ni drop in tlu* total 
brightness of the .system. Our double* star will tlu*n have 
become a variable star. Although the light variations of 
eclipsing binaries arc only of a geometrical nature*, tluesc 
stars are included among the variables. 

Imagine a system of two spherical stars in which the com- 
ponents are exactly equal in size and brighliu*ss, and which 
revolve in an orbit lying exactly in our line of sight. In studi 
an ideal case we will have at each revolution two identical 
eclipses, during which, lor a short time, oiu; star will com- 
pletely disappear behind the other. I’he total briglitn<*ss will 
drop during the eclipses by fifty per cent, which corn'sponds 
to 0.75 magnitudes. The light cui've of such a system will 
consist for each revolution, of two eciual minima, 0.75 
magnitudes in depth, separated by intervals of constant 
maximum brightness (see Figure 11a). 

The foregoing is an idealized condition. The components 
of an eclipsing binary will in general differ in size and 
brightness, their orbits will not lie exactly in the line of sight, 
and the shapes of the stars will not be perfectly spherical, 
because of their mutual gravitational attraction. Wt* 
observe, therefore, a great variety of eclipses. As you may 
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recall, a salar ccliijsc itiay be total, when the Moon’s diam- 
<«tcr ap|K‘ars <'<iual to, or lai-g(>r than that of the Sun; or 
armular, when the Moon is unusually far away, and its 
snuilku' disk is ncjt sufiici<>ntly large to cover that of the Sun, 
so th;it the rim of the Sun will shine as a ring around the dark 
lunar disk. In addition, we may have all sorts of partial 
(‘(•lipses, frojii a small notch in the Sun’s face to almost total 



Fig. 77 . Typical light curves of eclipsing variables. 


covertige, vvh<-n ti tiny crescent is all that remains of the Sun. 
But tht* appai'cni diameters of the Moon and Sun do not 
dill'cr gr<*iitly, whereas in binary stars we have all sorts of 
possiltlc ratios between diameters of the components. In 
tichlition, the picture will be further complicated by the fact 
that the ocetthing companion is not perfectly dark, as i's the 
Moon during solttr ('clipses. 

I,et us first con.Hklcr what happens when the components 
of the binttry system differ in brightness. We shall then. 
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obvioxisly, observe a greater loss of light whea the clarkti' 
component hides the l)righter one, tlian wlnai the latt(‘r cuts 
off the dimmer light of its ('ompanion. The rc'sult will Ix^ a 
light ciu've with 'unequally clt^ep ininiuia, s<‘(‘ Jugure 77/a 
If the darker star is the larger whi(‘h almost invariably 

happens the brighter star may nmiain totally tH'li|)S(Kl ihx' 

some time, and during that time tlu‘ l>rightnc'ss of tlie sysUnu 
will remain constant at minimum light, 'rhus, total (H'li|)S(‘s 
will be ear-marked by light eurve^s willi very flat minima 
(Figxire 77r). If the primary eclipse is total, tlum tlu^ sec'ond- 
ary eclipse must be annular, and slioiikl sliow a constant 
brightness during tlie time that th(‘ smalha' sttir lamuiins 
projected upon the larger, at least if th(^ surhict‘ l)riglvtness 
of the larger star were constant from center to edgt‘. 

If the two stars are sufficiently close to each oth(‘r, then, 
under the influence of their mutual attraction, tlieir shai)es 
will be distorted into oblate figures, called ellipsoids, S(*e 

Figure 78. 1’he c^xtremities of' 
these ellipsoids should always 
point toward th(‘ carntcu' of 
gravity of tlie system, and 
Fig. 78.—A system oj two J^hould, tluaxteire, rotate^ 

stars elongated into ellipsoids by around their axes dur- 

gravitational distortion. txich rewolution; as a 

result, the stars present to the 
observer a continually changing apparent aix^a. The airpar- 
ent area is largest, and the two stars appear brightc'st when 
the line joining the centers of the pair lies perpenclicnlar to 
the line of sight, that is mid-way between eclipses. The bright- 
ness of the system does not remain constant between ('clips(^s, 
as is shown by Figure lid. If the stars are considerably 
elongated, the light curve will appear still more rounded, as 
illustrated in curve e. In the special, but frequently observed, 
instance of ellipsoidal components of equal brightness, the 
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light curves will {rresenl two minima of equal depth, as is 
shown in curvtq/. 

'IS'i’Ks OK lioupsiNG Variables 
'I'he stars whose light remains sensibly constant between 
eclijises (curve's a, h, c) are usually called variables of the 
Algol type, after tlu* well-known star Algol, or Beta Persei. 
Those (‘clipsing variables with minima of different depth 
(curve' r) with e'leingated comjxnients — are called Beta 
I^yrtie' stars, and linally, tlie systems whose components are 
much elejngate'el anel are of eciual or nearly equal brightness, 
with pe'i'ieids le'ss than a day and a half, (curve/) are called 
W Ursae Majeiris stars. Of course, not all eclipsing variables 
adlu're' strictly tei the' delinitions of each type, and we may 
liave' light curve's, suclx as the one represented by curve d, 
whicli Ixe'leing half-way between the Algol and the Beta 
Ivyrae tyiie's. VVlu'n tins condition occurs, the assignment to 
etne or tlie' otlu'r type' is a matter of personal preference. 

As we' wemld e'X[)e'e't Ibr systems in which the stars are 
close* toge’tlu'r, Be*ta Lyrae and W Ursae Majoris stars have, 
em the* ave'rage, shorte'r jxe'riods than the Algol stars. W Ursae 
Majen'is stars have- the shexrteist peiriods, ranging from 0.219 
days (BP Fe'gasi) tei 1.327 days (DW Carinae), with the most 
e'ommem jxe'riexl arenind 0.48 days. About 120 variables 
he'long tt) tliis e'lass, whie4i represemts eleven per cent of the 
total numlK'r eif all e'clipsing variables for which both period 
:md type* arei knetwn. The: Be:ta Lyrae stars, which number 
ahemt 140, tire' fenmcl mejst frequently to have periods around 
0.8 elays, hut the*ir range in period is considerable, from 0.48 
days (BH Vulp<'<'nl:u') to 199 days (W Crucis). 

'riu* gre'iit majority eif e:dipsing binaries arc Algol varia- 
bles, numhe-ring nearly 800, or 73 per cent exf the whole. 
'I'he'ir most fr<'e[uent pe'riexl i.s somewhere between two and 
three chtys. The shorti'st period among eclipsing variables — 
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0.197 days, or 4 hours and 43 mimitt's is that of the Algol 
variable, UX Ursae Majoris. 'riie longest perhxl 9883 
days, or 27 years — is that of EiJsilon Aurigae, also of th<‘ 
Algol type. There are, however, only 13 eeliijsing varial)l(‘,s 
with periods longer than 100 days, and only four of these 
periods exceed 1000 days. 

Different AMi'LiTtJnKS 

The observed amplitude of an eclipsing varialile riepends, 
to some degree, on the metlKKl by wlueh tlu“ star is obs<-rve<i, 
whether visually, photograplucally, or pliotoeleetriciilly. L<u 
us take as an example the system of Zeta Aurigae. 'iliis 
system consists of a comparatively small bluish-wluti- com- 
ponent with a very bright surface, which is jieriodicailly 
eclipsed by a giant reddish component of low surfact; bright- 
ness, with a diameter 70 times as large as that of the smaller 
component. When observed on ordinary photographic 
plates, the amplitude at primary eclipse amounts to thre<' 
quarters of a magnitude, which corresponds to a loss ol' 
half the total light of the system. This means that, as photo- 
graphed, the two stars have the same total brightness; the 
larger size of the darker star exactly compensating for its 
lower surface brightness. The eye is more sensitive to red 
light than the ordinary photographic plate, so that the larger 
star will appear brighter when observed visually. Thus, 
when the smaller star is eclipsed, more than half of the total 
visual light of the system remains and the visual amplitude is 
less than 0.75 magnitudes. Actually, visual observations of 
Zeta Aurigae give a range in brightness of only 0.12 magni- 
tudes. The use of an ultra-violet filter will, on the contrary, 
reduce the brightness of the larger component and accord- 
ingly deepen the minimum in the light curve; the amplitude 
so observed may, in fact, become two magnitudes for a 
special plate and filter combination. 
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If we ol).serve a dinunulion of the amplitude at primary 
<;clip.se as we ehang<‘ from photographic to visual observa- 
tions, we should obviously record a corresponding increase 
in the amplitude at s(^eondary eclipse. When the two com- 
l)ou<mls do not differ very much in size, but are of decidedly 
difhu'ent color, it may ev<Mi happen that in proceeding from 
one method t)f obs{>rvation to the other the secondary mini- 
mum of the light eurv<‘ becomes deeper than the primary. 

Of eours<‘, when lluax' is no difference in color between 
th<‘ two ecanponeuts, th(‘ amplitudes at both eclipses remain 
th(i same, what<‘vt‘r method of olwervation is used. Such a 
condition prevails, for ('xample, for most of the W Ursae 
Miijoris sttirs, whost^ components arc generally of approxi- 
mately e<iu:il size, brightness, and color. Beta Lyrae stars 
show only slight difrei-(mc<‘s, when observed photographi- 
cally iind visually, Irut for Algol stars the observed differences 
in amjjlilude iin' sometimes enormous. Thus, in any statisti- 
cal study of :im[)litudcs for an eclipsing binary, the material 
should be rigorously homogeneous, cither all amplitudes 
photographic or all visual. 

The averag<^ amplitude of a W Ursae Majoris variable is 
0.65 magnitudes. If tin; components were spherical, we 
would not expc'ct t(> find amplitudes greater than 0.75 
m.agnitudes, but oit account of their elongation, amplitudes 
as large' as oite magnitude are sometimes recorded. It may be 
remarked tluit two <'llip.soidal components of a binary star 
n-volving around etich otlua- would produce variation of the 
total l)riglttnes.s (jf the system, even if their orbital plane were 
so inclined to tlie line of sight that no eclipse could actually 
occur, iK'caus!' the apptu’cnt area of the two disks would 
vary continually as thi; ellipsoids rotate. Such systems have 
ac'tually bt'cu olj.servcd; they are referred to as “Ellipsoidal” 
variiibles. Tlieir detec'tion, however, is extremely difficult 
bec;iu.s<‘ tlie amplitude in brightness is very small, hardly 
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exceeding two tenths of a magnitude. Naturally if tlie 
two components haj}j)en to revolve in a plane exactly j)er- 
pendicular to the line of sight, there would l)e no ol)S(Tvable 
variation in light. Examples of ellipsoidal variables are 
b Persci and ^ Androinechie. 

Beta Lyrae stars liave ami)litudes which, wlum olrstawed 
visually, rarely exceed 1.5 luagnituch^s; tliis means that in 
such systems the difftTcnce in lalghtness IxUween the two 
components is not very large. All possible amplitudes are 
recorded, on the otlu'r hand, among Algol stars. As we have 
already mentioned, tlu* largest amplituch* so far ol:>s(rrved is 
that for CW Pegasi, which has a photogra,|)hi(' range' of 4.3 
magnitudes. This amplitude would j)rol)ably Ix" excetxled 
by that of WW Gygni, if ol)S(a'ved phoiograijluc'ally. Its 
visual amplitude is 3.7, but since the darker cx)m{)on(uit is 
reddish, it has been shown that tlie {)lK)togra[>Inc timpliluch^ 
would probably be around live magnitude's. Becxiuse of 
its faintness, photographic ol)servations liave not y(4, been 
secured on WW Gygni at minimum. 

Darkening of Limb and REFiiurrioN EKiuarrs 

There are a few minor eliccts that sliglilly modify tlie 
shape of the light curves of (xlipsing variables. One is tlu^ 
so-called “darkening at the limb,'*' or the dtx'rcxiscxi liright- 
ness at the rim of a stellar disk relative to the briglitness luxir 
the center. A photograph of the Sun (nee Figure 79) sliows 
that at the center the surface appears to be bright(‘r than at 
the edge. The cause of this phenornemon is to be found in tlu^ 
absorption by the Sun’s atmosphere. Light rays from difier- 
ent parts of the Sun’s disk reach the observe^' througli tht! 
solar atmospheric envelope, and those rays which come; from 
the outer parts must traverse a larger portion of the envelope 
than those which come directly from the center; they are, 
therefore, more dimmed by absorption. The absorption is 
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Fij’. 79. Photn^raph of the Sun .siioioing “Darkening at the 

Limb." 

more (*{r<'cti\‘<‘ for blue' rays than for yellow or red, and 
(■onsc<|iK'nily, this darkening towards the limb of the Sun is 
inot'e marked on ortlinary pliotographs than when observed 
visually. 

Stars are also darker at theur edges, but the degree of 
darkening will vary, depending on the quality of the light 
<-nutied, and on the extent of the atmospheres. The effect 
of this liml) dark<-ning will show up during the progress of 
tlie eclips«*s, I'or it will slightly affect the shape of the light 
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curve by smoothing off sharp angles at the beginning and at 
the end of the eclipse. 

Another distorting factor is the “reflection effect.” 'I’he 
light of each component is faintly I'cllccted from the surface 
of the other, so that the hemispheres which face each other 
appear somewhat brighter than the two opposite hemis- 
pheres. When we have a small bright component with a 
large faint companion, the latter will act somewhat like a 
reflector in a flash-light. Therefore we will ob.serv<! an 
increasing brightness d»ic to reflection when the primary 
eclipse is over, and thi.s increase will continue up to tin; 
moment when the companion is just behind the bright 
component, and the secondary eclipse begins. After the 
secondary eclipse, the extra light due to reflection will 
diminish. The light cuivc of Algol itself (see Figure 2) 
clearly shows this effect. 

PuYsiCAt Observations 

Since eclipsing systems consist of two stars, or com- 
ponents, they should show in the spectroscope two super- 
imposed spectra. Frequently only one spectrum is visible. 
This means that the second component is too faint to show 
under the observing conditions. When both spectra are visi- 
ble the position of all the lines in the two spectra will swing 
back and forth around a mean position with a period equal 
to the period of revolution. Since the two stars arc at oppo- 
site sides of the center of gravity, it necessarily follows that 
when one of them approaches the observer, the other re- 
cedes; thus the displacements of the spectral lines of the two 
components are always in opposite directions, see Figure 80. 

If the two components have different masses, the lighter 
one will swing in a wide orbit, while the heavier one will 
keep closer to the center of gravity. Thus, if we observe that 
the radial velocity of one component varies over a larger 
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km/sec. 



Fin. HO. Radinl velocity curve of RT Lacertae, according to Joy. 

'I'hc larger <'irvlcs ropresent the observed velocities of the fainter star 
and the smaller eirdes those of the brighter secondary star. 

range: than that of the second component, we can immedi- 
att'ly confliKlc that the first star is the lighter component. 
'The ratio of the amplitudes of the radial velocity curves for 
tile two eomponents will give us the ratio of their respective 
masse.s. If we art; able to determine in some manner the 
total mass of the sy.stem, we automatically have the masses of 
the individual eomponents. 

What Star Eclipses Reveal 

We have .seen that when the relative sizes, the distances 
hetw(;en eomponents, the .surface brightnesses, the degree of 
(‘llipticily of the stars, and the inclination of the orbit are 
given in an eclipsing binary system, we can predict the form 
and amplitude of the light curve. We should also be able to 
use the inverse procedure and deduce the same facts from 
the light curve. 
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A first attempt in liiis direction was made liy C. Picker- 
ing in 1880, followed l)y Hartwig in 1889, and Mt'yers in 
1896. To the further d('velopinc‘nt of the th('ory are linked 
the names of Pannekoek, Rolx'rts, Rddinger, Blazhko, 
Stebbins, and Dugan. I’ht* most thorough tUtack of tlie 
problem was made in 1912 -1913 l>y Russt'll who, in col- 
laboration witli Shapley, derived formulae' and table's wliicli 
arc still in general use amemg computers t)f ee'lipsing 
variables. In more re'ce'nt years Fe'tlaar, Sittei'ly and Krat 
have added still further to the solution of tins prethle'iu, anel 
refineanents of la'oee'dure ttre currently be'ing made Iry Wyse, 
Zcsscwitsch, Russc'll, and esjrecially by Ketpal. 

Whem we have' eatly the liglit curve at enir elispersal, wet 
can not hope to dc'ducc more than the' relative; e;lenu;nts erf 
the system; that is, the dimensions and distances e'.xpretssttd in 
terms of the dimeaisions of erne of the compoiu'nls, rtither 
than in actual miles. We can go further thentgli, if we also 
have available a curve of the observed rtidial velocities; and, 
if wc are also fortunate enerugh to know the distanex; of the 
system, it bccetmes possible: to contpeUe' almost everything 
we wish to know about the masses, diameters, tempc'ra- 
tures, and other elenvents. Eclipsing varialtles jrrove to Ire 
especially valuable for our gene'ral knowledge; of stclhir 
masses; in fact they provide, together with the; most rajjidly 
revolving double stars, the only source of i)re;cisc me'asurcs of 
the masses of the stars that the astronomer has texlay. Ter 
explain how these computations arc made would be; a 
lengthy undertaking and wc shall limit ourselves to de- 
scribing, in a few words, a rough picture of the tcchnicjue 
that is now in use. 

The light curve of an eclipsing variable tells us what 
fraction of the stellar disk is eclipsed at each moment. In 
general, there will be only one particular pair of stars, with 
a definite ratio of diameters, capable of producing the ob- 
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served light curve, and our first problem, a purely geo- 
metrical one, will he that of finding this ratio by trial and 
<‘rrur, with tiie aiti of spiidal formulae and tables computed 
for tht' jiurpose. N(‘xt, we compare the duration of the 
ecliiises with the jieriod of revolution and thus find the size 
of th<> orbit in ti'rins of the diameter of one of the com- 
poiu-nts. The sliapi^ of tlu^ light curve will allow us to deter- 
mine whjit fraction of one (^omj)onent is eclipsed by the other 
at minimum liglit; and knowing the relative distance 
Ix-tween tile stars, we can then obtain the inclination of the 
orbit to the line of sight. The degree of ellipticity of the 
compoix'iits is also derived directly from the light curve in 
the intervtils between minima. 

With these <lata at hand we are now ready to draw a 
<liagrani of the system, with the .sizes of the components and 
the orbit ])roportionally correct. What we do not yet know is 
th<‘ sc.ale of our < Ira wing, that is how many miles correspond 
to an inch in our diagram. To determine this scale we have 
to make us<“ of the observed radial velocity curve when 
availttblc. We can read off the velocities in the line of sight 
at different moments and, since we know the inclination 
of the orbit, we can transform these values into true orbital 
vc'locaties. If tlm orbit is circular, the true velocity must be 
constant, and liy multiplying the true velocity by the length 
ol' the period, wc olitain the length of the orbit in miles, or 
kilometers. If the orbit is an ellipse a mathematical step 
calk'd integration will be necessary, instead of the simpler 
multiplication. Comparing the true length of the orbit with 
that on our drawing, we obtain the desired scale and we can 
tlien delt'rmine the diameters of our stars in miles. 

T'lie (letermination of the mass of the system requires the 
a[)plication of Newton’s law of gravitation and a comparison 
with file I'iartli-Sun, or Earth-Moon, system. We know that 
f h(' Earth-Sun system, the mass of which we shall take as a 
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unit, has a period of revolution of 365 days and a separation, 
of 93 million miles. I'lit' probkan is first to find wluit mass 
our stars must have, in order to n'volve witli their known 
period at the avcr.ige distance that we hav<' just determin<*cl. 
Kepler’s third law of planetary motions, geiua-alized on tlie 
basis of Newton’s theory of universal gravitation, gives an 
immediate answer to the quc'stion,* If W(‘ wish to know 
the masses of the individual <K)mponents, we htiv*' only to 
take, as has already been c;.N[)l;tin(“d, the respective ampli- 
tudes of their radial velot^ity eun'es, and the rtUios of these 
will yield directly the mass ratio of tlu; two sttirs of the 
system. 

If we also know the distance of the system, then we can 
determine the intrinsic brightness of each com[)onent and, 
by dividing the brightnesses by lhc“ area of the visibk; 
hemisphere, we can obtain the luminosity per unit of aresi. 
But this luminosity per unit area d('p(mds on the surface; 
temperature and thus it follows that the temperature at tin; 
surface of the star can be obtaiiKd from orbital study as well 
as from a knowledge of the star’s spectrum. 

EcaiiNTRitt ORBi'rs 

Double stars, with very short periods of revolution, 
usually have nearly circular orbits, but if we proceed to 
examine those with longer periods, we shall find more and 
more systems whose orbits are elongated ellipses. The same 

* According to Keplcr’.s third law, the cube of the major axLs in any orbit 
in the universe must be proportional to the product of the square of the 
revolution and the total ma.ss of the .system. If we know the major axis 
of the orbits of both the Earth and the eclipsing .sy.stem, we can immedi- 
ately obtain the total mass of the stellar .system in terms of that of the 
Earth-Sun system, which by the way is for all practical purposes equal 
to the mass of the Sun alone, as the Earth accounts for only l/.3.30,0()0tlt 
part of its value. 



Stellar Eclipses Igp 

trend is observt.Ide in {‘c:lipsing binaries. The short-period 
W Ursiie Majoris stars, as well as the Beta Lyrae variables, 
till Inive netirly circular orbits, but among the Algols, 
cspcc-isdly tliosc witli itericKls longer than three days, we 

lind <!<*cid(tlly (^lliptic'al orbits. 




I IE I 

Fig. HI. Kdipses in an eccentric binary system. 

(Upitcr) <liagrMtn of orbit :iiid resulting light curve (lower). 

Whitt is tilt' (tfrect of an elliptical orbit on the light curve 
of such a st.tr? In the upper part of Figure 81 the orbit 
of stJtr B is drawn with star A as stationary which is equiva- 
lent, for our purpose, to assuming that both A and B com- 
[lontmts art; ntvolving around their common center of 
gravity. Etdipscs occur when star 5 is at I or II; P is the 
[X'riastron, or point of minimum distance between the stars; 
the major axis or “apsidal line” of the orbit; the direc- 
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tion of the motion is indicated l)y an arrow. 01)viou.sly it 
takes star B less time to pass from 1 to II titan from II to I. 
Consequently, in the light curve the minimum <-orres|x>nd- 
ing to eclip.se II must lie closer to the jtrt'ceding minimum I 
than to the following minimum I, as is shown in tin' lowt'r 
part of the figure. As star B move's faster jit jtosition I 
than at 11, eclipse II should last longer tliaa e('li[)s<* I, and 
if the ellipse is so eccentric that a changt> in vt'lot'ity is 
noticeable even within the tinn* interval of tin' ecliirses, tlic 
ascending and descending branclu's of the ciu've will Inive a 
slightly different duration, wliicli produc<‘s an asymnn'try of 
the light curve at tlie times of eclipse. As a result of the 
cllipticity of the orbit, the radial veloc'ity curve is also 
distorted. 

If the apsidal line BQ does not I'crnain fixed in spaet' but 
instead rotates in the plane of the orbit, the interv<d of time 
between eclipses must change. Such chang<'s have been 
observed for almost a dozen eclijjsing stars. A tyi)ical 
example is that of the variable RU Monoc<‘roti,s, witli a 
period of 3.58 days. In 1901 its .secondary (X'lipse occurred 
2.69 days after the primary minimum, or 22 hours latc'r than 
the mid-point between principal minima. In 1907 tht^ delay 
of the secondary minimum had decn^ased to 21 hours; in 
1914, to 19 hours; and in 1925, to 18 hours. The motion of 
the apsidal line is here very slow and computations show 
that about a thousand years will l)c requinxl for the line; of 
apsides to make a complete rotation. For some other stars 
the period of revolution is much shorter; Y Cygni, with a 
period of variation of three days, completes the whole revo- 
lution in 47 years and GL Carinae (Figure 82) in only 25 
years. 

Since the times of both the primary and the secondary 
minima are slowly changed by the rotation of the apsidal 
line, the period of the system will also appear to change if it 
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by the relative displaeemenl of the primary and secondary minima. 

{If. If. Swope) 

is c(»nj[>ut<*d from prinuuy minima alone. Therefore it is 
jjossiblc to tlic j)r<'.sencc of an apsiclal motion by 

c.'camining tlu* (‘oiistancy of the period of light variation of 
the cclijtsiiig system. 

In attempting to (Ind an explanation for apsidal motion 
we should n'lnemlx'r that a I'otation of the apsidal line is 
ol)served in the orl)it f)f the Moon. Its period is about nine- 
te<‘n years smd we know from cele.stial mechanics that this 
apsi<lal motion is dta; to two different causes: (1) the 
perturbing effecd of a tliird body, in this instance the Sun; 
an<l (2) the irn-gularitics of gravitational pull caused by the 
Ilatt<Mung of the Earth at the poles. As the Earth is only 
slightly iiatt<'n(‘d (tlie polar diameter is one third of one 
per cent smjtlh'r than that of the equatorial diameter) this 
second efl'eet is la-aetieally negligible for the Moon. In 
close (Itjuble stars, however, the flattening is very pro- 
nounced, and it may become of primary importance in 
apsidal motion. As yet no case has been found where the 
rotation of the apsidal line in eclipsing binaries could be 
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surely attributed to the i)r(‘s<‘iu’e oi' a tliird btHiy in tlu* 
system, whereas there arc several systems wliieli sliow twi- 
dence of apsidal-rnotion due to flattening. Tlx' study of 
such systems has led to some very interesting results. 

Russell has shown that when the ajjsidal motion is dm; to 
flattening, one has to consider whether tht' stars of tin* syst<Mn 
are of uniform density, or whether the matc'rial witliin tht> 
stars is more condensed toward tlic cent(‘rs, t!i<‘ magnitude 
of the effect being smallest wlien the eone<'ntrati<m is 
greatest. If the masses of Itotli stars are kntjwn th<m it is 
possible to derive, from the s[)eed of tin* apsklal motion, th<; 
degree of concentration of the matter witliin. Sinei* astron- 
omers have no other means, e.xeept through pur<‘ theory, of 
acquiring information concerning the distribution of mattt‘r 
in the interior of a star, it is (“asily und('rstood why llu>se 
by-products of the study of eclipsing liinarit's liave bt;en 
hailed with so much enthusiasm. Unfortunately, less than 
a dozen of these binaries have to clatx; reve.ihid apsiclal 
motions; Russell and Sterne are those who are mainly 
responsible for what we know about this [larticular suliject. 

What leads us to exclude the id<*a that an ol>s<;rved 
apsidal motion may be due to the presencx; xif a thirxl body in 
the system? The chief objection is that this tliird iKxly and 
the eclipsing pair should revolve around thxiir common cen- 
ter of gravity and, accordingly, we should observe a varia- 
tion in the distance of the pair from us. This variation could 
be detected in two ways; (1) spectroscxn)ically by the Doj)- 
pler line shift; (2) photometrically, since the time taken by 
the light to reach us would vary as the distanx:e varies and 
thus a delay or an acceleration in the times of minima would 
result. The presence of a third body has been .suspected in 
the systems of RT Persei, SW Lacertae, and VW Cxsphei 
because of slight periodic variations in period that can not be 
caused by a displacement of the apsidal line, since we find 
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that the rt*lativt‘ [josiliuns ut the primary and secondary 
minima remain uneliang-ed. 

Meiitiuii siiiatl<i Ih‘ nuid(^ here ol other strange variations 
in period wldcli have iK'en d('tectcd, especially in recent 
times, in several <-cli|)sing variables. As lar back as 1888, 
discussing all the availalile observations of Algol made 
jul'ter 1 7Hi, (lhandler conehided that the period of this star 
was subjeel to small ehaiigx's of a rather complex character, 
l ie trie<l to represent the times of the observed minima by 
means of a <'omplieatt“tl formula but this had to be replaced 
later by still another, because the first formula did not repre- 
sent th<‘ mor<‘ reemit observations. The second formula 
failed again an<l linally 1 lartwig concluded that at least part 
of the variations in period were unpredictable, of an erratic 
nature. A simihtr erratic change in period was found much 
later to occur tilso iu the Algol star U Cephei. 

During the jaist few years a considerable number of 
eclipsing vtiriabies with irregularly varying periods have 
been a<l<t<*d to the list, elii('fly through the work of Dugan 
and Miss Wright based on the photographic material of the 
Hars'iusl ( >l)serv:ifory. The changes are usually very small, 
of the order of it few hundredths of a second; yet the 
jieeumuiiitiou of the small changes in period over several 
years prixiuees <lt‘litys and jiccelcrations in the times of 
miniiuit which nmy iunount to three or four per cent of the 
length of the [teriod. Q,iut(! exceptional is the star SV 
( lentatifi, for which the [jeriod has decreased by two full 
mimttes in the hist forty years. The period itself is 1.66 days. 
If the times of minima were predicted, starting from a 
mininumi iu 1 *>()(), with the period which prevailed at that 
time, tile oliservixl minima of 1941 would occur twelve days 
eiirlier tlum eominittxl. Such a continual change in period, 
espeeiiilly for au celipsiug variable, is a bit baffling. It has 
b<-<m suggeste<l that the system of SV Centauri may be in a 
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state of dynamical iiis(al)ility. A slight (*c<'cntricity in tin; 
orbit of the star may cause, through variations in at(ra<'lion, 
a pulsation in one, or both components witii a period <'qu:i! 
to the period of revolution. If this pc'riod hap|><-ns to be tlu? 
same, or nearly thi; same, as the j)eriod of fre<* uscilLation in 
the star, then a sort of resonance phenoim'iion may tak(i 
place so that the. puls.itions would increase* considerttbly in 
amplitude, and the continuous ediunge in shtipe of the star 
would in turn all’cct tlie orbital motion. 

PlIYStCAL ChARACTKRISTICS AND KxCia't'IONAl. SyS'I'KMS 

Eclipsing variables of th(; W Ursae Majoris type are 
dwarfs whose masst's and temperatur<‘s ar(' not very dilferent 
from those of the Sun. In Beta Lyrae systems tin* components 
differ somewhat in size and brightn(*ss from each otlu-r; both 
are, as a rule, much brighter, much hottt*!*, and much mori; 
mafssive than our Sun. As for Algol v;u*iablcs, {)racti<’ally all 
kinds and combinations of stars are possible. I’hen; ar(^ 
pairs of cool red dwarfs, such as RW Doradus and YY 
Geminorum (Castor C), as well as pairs of hot blue giants, 
such as Y Gygni and XX Cassiopeiae. LIX Llrsat^ Majoris is 
a splendid example of a .system composed of tiny, but vei'y 
dense, white dwarfs. Furthermon^ vrv. fmd Algol systi'Uis, 
such as U Sagittae and WW Cygni, in whic,h tht; brighter 
component is a normal white star and the companion is a 
fainter and cooler, but larger, giant. There are also others, 
such as Zeta Aurigac and VV Gephei, wlun'e normal whiti; 
stars are eclipsed by monstrous red super-giant stars. 

The systems of Zeta Aurigac and VV Gephei deserve; 
special attention because of the peculiar conditions und<*r 
which their eclipses occur. The apparent disk of the red 
component is, in both iastances, many thousand times larger 
in area than that of the white one, so that the white star can 
be considered merely as a small, bright point, in comparison 
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vvitli ihf ullirr. l lic .tiiiius|)lu‘iv of the lafgvr component is 
very mu< l» cxiciKlcii. As tlic time of eclipse approaches, the 
siiialtfT star is at lit si veile<i hy this alniosph('i'c and only 
after it has passed thrun.i-h de<-p(>r and deeper layers of this 
atmosphere and the oeeidiing limb of the larger star is 
reached, does the actual ecli|)se l)egin. Consequently we 
shtill observe in the cuinhin<-d spectra of the system more 
anti more alisorjiiion lines thie to the utmospherc of the 
eclipsing component, hrom these spectral variations we can 
lt*arn about the comptisiiion, pre.ssure, and tcanperature, at 
diirerent Ixdghts in I lie atmosphere of the red star, a study 
which is impossilile I'or all otlxT sttirs except our Sun. 

'I'he {H’ritHl of Zeta .\uriga(‘ is 972 days and the first 
absorption lines prodneed hy the sitmosphcrc of the red star 
appear in the spectrum about thirty days before the real 
eclijwe hegitis. 'I'liis gives one somt“ idea of the enormous 
extent of tin* atmosphere of the larger star. VV Cephei has a 
peritKi of 74311 days almost twenty y<;ars. Its eclipses occur 
so rarely that they heeome<wents of considerable astronomi- 
cal im|x>rtaace, I'arefuliy watched for and studied by astron- 
omers th(' world over. 

Another stai* deserving special allcnlion is Epsilon Auri- 
gae, holtler among eclipsing Innaries of the record period of 
days, or .17 years. Tlu* aiuplimde of its light variation 
is (1.6 m.upiitudi's. M'his viilue is practically the same, 
wlicther oliserverl photograpliically or visually; a condition 
tiuin* different from that of Zeta Aurigae whose amplitude, 
as we havi' airciitiy mentioned, Viiriesfrom 0.1 to 2.1 magni- 
Itules, d<-pen<ling <m tire nu>thod of observation. The light 
curve of Epsilon Aurigtie is perfectly Hat at minimum, which 
nsiglit indicate ;t totiil eclipse. If this were .so, we would 
exi>eef to .see t he spectrum of the eclipsed star disappear al- 
together, whereas if .•letually remains clearly visible through- 
out the durjition of llie eclipse. I'hc smaller star is, obviously. 
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not occulted Ijy tin- larger star itself hut passes througli a 
semi -transparent shell which suri'uuiuls tlu‘ larger star. 
Since the absorption is th<“ same in the idiotographie as in 
the visual wav<--lengths \vc must conclude that the shell is 
composed of small S(jlitl partk'les: in (ither vv’otxls it must !)<• 
something liki^ a thin Itiytu- of cloud in the uppermost region 
of the star’s atmosplu'rc. 

The. real dimensions of tht'se long-period c-clipsing stars 
are cnoi-mous as compared witli those of mtr Sun. The 
volumes of the largt'r components are, in unil.s* of tlw* sint’s 
volume, 12 billions for I'!,|)silon Aurigae, 16 hiliitjus for VV 
Gephei, and 13 millions lV)r Zeta Aurigae. In VV Gephei 
and Epsilon Aurigae the red eomiionent is slightly variable, 
with slow irregular fluctmitions with a nmge of al)out 0.2 
magnitudes. 'I'his fact makes a precise delermiiuttion of the 
moments of beginning tind <'nding of eclip.se I'ather diilieult. 

Exceptional from another viewpoint is tlie system of UX 
Ursac Majoris. Its [x-riod of 4 hours and 43 minutes, as 
previously mentioned, is the short('St known among eeli])siug 
variables. In order to revolve* .so rapidly, tire com[x)n«‘nts 
must be fairly close togetlier. In spite of their closene'ss, how- 
ever, no ellipsoidal distortion in tlx; shape of the sttirs has 
been found; the Irrightness reimiins constant l>etw<a‘n the* 
minima. The spectrum of only one componr'iit has been 
observed and it is of class .1. It can lx; shown matlx*- 
matically that the companion of a normal A star should, in 
order to revolve with a period shorter titan live hours, 
actually move inside the star itself. Sucli a eondition is, of 
course, impossible. In view of the fact that the eompomnus 
show no trace of gravitational distortion, w<^ must eonelude 
that their surfaces arc fairly well separated from each odx'r, 
and that they must be very dense and small. The brighter 
component is therefore not a normal A star; it is a white 
dwarf. The companion, whose spectrum is unknown but 
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wliow* is y«*ll'tvvish, iitusl also Iw somewhat similar to a 
whito tlwui'i. 

'I'lw erlijisi's lit' UX Ursae Majoris last only about 40 
minutes ami ilw drop from majvimum to minimum exceeds 
one iiuuMiiiude. At llie tiiiu* of minimum the variations are 
so raphl that it n'quires a practically continuous watch 
if oitr desires to obtain a i;fXKi light c.urvc. 

l‘,( lipsiiu', variables jirovide varied and interesting ma- 
terial for tin* ima'stigator. Ho nmeh viihiable inlbrmation can 
l>e obtaitietl thrwngli their study that it is hardly necessary 
((! eni|>basi/e the need for extensive observational material. 
Ill eonirasf , hovvt‘ver, to most of the other types of variables, 
(■( tipsioit stars are not partienlaiiy suitable for widespread 
etH>|M'raiive work. Single isohited observations are of little 
value, especially if they do not possess a high degree of 
aeruraey > For the determination of the light cutwes and their 
viltintate interpretation, extremely aeeuratc observations are 
required. A few gtsid phulometrie or photoelectric measures 
are vastly more valuable than many crudely made visual 
esliniates'. ‘Fhe rtmline olrservation of eclipsing variables 
dsiring et'hijse stages can, luiwever, Ire productive of valua- 
lih* results, if designed to {letermine accurately the times of 
iniininutn. This sort of work perUiins more particularly to 
those Algol stars wliieh vary through large amplitudes, and 
for which tlm astronttnier needs to be kept well inlormed 
as to file time the eclipse lor his studies ol apsidal motions 
and anoimilouf* irregularities in period. 




EPILOGUE 


14^1'; HAVE ARRIVED AT THE END OF OUR StORY OF 

Vnriablc Stars. W<^ have attempted to give a word picture 
of' liow the stars vary in light, of the types of variation which 
lliey present to us, of their spectral characteristics, and also 
sonu'thing of the part they play in some of the problems of 
tlu' universe. We have noted how Cepheids, for example, 
have Ikhui used as measuring rods to determine the size and 
slia])e of our own galaxy, as well as the distances to the 
e.xternal galaxies. 

In tlu; study of the eclipsing binaries we have shown what 
an important part they play in the determination of the 
sizes, the; masses, and the densities of binary systems. We 
liave also discussed tlieir temperatures and their luminosi- 
ties, and the motions in their orbits. 

Although we have described at length many of the ob- 
s<‘rv<*d features of the Red Variables, especially those 
of long peritxl, it can be safely said that there are numerous 
|)rof)lems which, ant still not in the least understood; this, in 
sj)ite of the many years of obsciwation and research given to 
tlieir study. Until we know more about what is going on 
inside the stars, as well as on their surfaces, the discovery of 
what causes them to vary, and why they present so many dif- 
ferent forms of light curves, will remain a mystery. We hope 
that, when the clue or clues to these underlying causes have 
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been found, there will be available a complete record of 
how the light has varied over these many, many years. 

No less important would be the answer to the question as 
to why we have so many ii'regular variabh's - irn'gular, 
perhaps, only in the sense that at the })resent time we see no 
rhyme or reason in the manner of their variations. It may be: 
that when wc have solved the problcnns whicli th<‘y jjn'semt, 
we shall find that they are in reality obeying laws that wc 
had failed to discover. 

Probably the most spectacular and <‘xc‘iting on(> of all has 
been the story concerning the history and developnumt of 
the Exploding Stars, the Novae. In spite of their setnning 
frequency of occurrence, wc still need more of tluun, and 
the appearance of other Novae will be looked forward t(} 
with great interest. When one. does appear we. must be pre- 
pared to tackle the pi'oblem of its thorough observation and 
analysis with all possible energy. 

In variable stars doubtless lie maiiy of the secrets con- 
cerning the universe as a whole. An unchanging world 
would tell us little, if anything, of what has haijpencd in the; 
past, of what is going on at present, and what may be ex- 
pected to occur in the future. Only by the most diligent 
efforts on the part of the astronomer, both amaKnir and 
professional, in obtaining observational material and 
making intelligent discussion of this material can wc ever 
hope to learn more, not only about our own immediate 
surroundings, but also about other stellar systems millions 
of light years distant. 

The splendid example set for us by the various organiza- 
tions of amateur variable star observtns the world over 
merits our highest commendation and further encourage- 
ment. There is still a need for more of these groups, as well 
as for the augmentation of existing organizations. Variable 
star observing by visual and photographic methods still 



(snc of llic inosi fmitful lidds for the efforts of the 
nmatcur. 

( )l)servati<>iis wilhoul speculations, and speculations with- 
out ol )sci \ ioual lacts lo [>a,('k tlicin, will never ^et us far 
toward the solution o| our [)roblcins. The amateur observer 
can [K'l'haps best do bis part l)y obtaining the necessary 
obsciWJitions, leaving chiclly to the professional astronomer 
the task of tmaly/.ing the: material and attempting to find 
accci>table explanations. 

Let us r<"futc the Lnu'r.sonian declaration that, “The man 
in th<* street docs not know a star in the sky.” 




ADDENDA 


Spectra 

/In atom consists of a niicthus, which has a positive 
(‘k'ctric charKT, annind which revolve a number of much 
liK'liter, ni*nali\rly eliarged corpuscles, called electrons. All 
<‘lectro!is have the same mass and charge. Thus, the more 
('leetruus there are in an atom, the more charged and the 
mor(* massive must lx* the nucleus in order that the atom 
itself shtiil he neutral. 'I’he properties of an atom depend 
largely on tlu' nuck'ar clmrge. A neutral atom with only 
one electron revolving ithoui it is called a hydrogen atom; 
one witli two electrons, a helium atom; one with three 
electrons, a lithium .atom, and so on to the heaviest known 
atom, llial of uranium, which contains 92 revolving elec- 
trons. Through collision, or other causes, an atom may lose 
one or more of its ek'ctrons and thus remain positively 
charged. Hueh a imitilutt'd atom is called an ionized atom. 

I f :tn titom is left undisturbed, all of its electrons will keep 
revolving in eerttiin jirescrilicd orbits. To each orbit there 
will eorrespond a definite totid energy, and it can be shown 
that diis energy is gretdetsl for the electronic orbits with the 
largest rtidii. It frequently happens that through some 
extern, 'll tietioti tm {Tictron is forced to leave its usual path 
:ind swing in an oiitit corresponding to one of higher energy. 
The titom which has thus acquired an additional amount 
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of energy is then said to be in an excited state. Under normal 
conditions an atom can not remain in sucli an excited state 
for as long as a millionth of a second. The displaced electron 
will fall back to its former orbit, thereby rt'leasing tlie 
additional energy acquired in the process of excitation. I’lie 
energy is released by the atom in the form of a quanlmn of 
radiation which travels through sptice with undultUory 
motion at the rate of 186,000 miles per second. 

Each atomic radiation has its own characteristic wave- 
length. The shortest waves known IxJong to Uamma rays 
and X-rays. Then, proceeding toward longer \vav('-lengtlis, 
we find ultra-violet rays, light rays, heat rays, and radio 
waves. There is a simple relation betweim the energy and 
the wave-length of a radiation; the greater its energy, the 
shorter its wave-length. Since the energy of a cpiantum of 
radiation is determined by the dilTerence lietween the 
energies of the electron in the excited and in tlic normal 
state, and since the possible number of excited orlnts is 
limited, and is characteristic of each element, it follows 
that each atom can emit radiation of only ctsrtain deter- 
mined wave-lengths. 

An instrument called the spectroscope separates the various 
wave-lengths of the light which passes through it. In a 
spectroscope a narrow beam of strictly parallel light rays 
is refracted as it enters a glass or quartx prism. .Suppos<' that 
we are dealing with sunlight, which is composed of almost 
all possible individual rays, from those of short-wave violet 
to the long-wave red rays. The short-wave rays arc refracted 
more than the long-wave rays. Therefore, when tlie light- 
beam emerges from the prism, it is no longer composed of 
parallel rays, but instead appears fan-like, with violet rays 
at one end, red rays at the other, and^the other colors dis- 
tributed in between. If we interpose a screen in the path 
of the refracted beam, we shall sec projected upon it, a 
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strii) of light with the colors of the rainbow. In this spectrum 
each point corn‘si>onds to a given wave-length. 

In most six'ciroscopes the entering light-beam passes 
first throngh a narrow slit and then through a lens or system 
of hmscs which brings tlie rays into parallelism before they 
i-<‘ach the in-isni. 'I'hc spectrum is either recorded on a 
pliolographic. plate, or observed visually through a small 
telescope. 

Kirehhoirs tlircx' laws describe the kinds of spectra that 
are t)bservcd: 

1. An incantk'scent solid or liquid, or a gas under 
liig'h jn'essun*, <'mits a continuous spectrum, i.e., a spec- 
trum in whit^h all wave-lengths, from violet to red, are 
reprt'sentetl. 

2. A glowing gas under low pressure radiates only in a 
f«*\v defiiiitc wav('-l('ngth.s, thus giving a bright-line or 
endssmi s| )ec tr um . 

3. If ti gas capable of giving a bright-line spectrum is 
traversed by light originating from a hotter source it will 
al>sorl> exactly those radiations which it would emit if it 
were glowing alont'. 'Fhus if we observe the continuous 
spectrum of a light Intlb through a mass of sodium gas which 
is cooler titan the filament of the bulb, we shall see it crossed 
by dark lines whose: wavt'-k'ugths will be exactly equal to 
those of the Iti'ight lines that appear when the glowing gas 
is not trtivcrscd by any light. This type of spectrum is 
c:ille<l iin absorption spectrum. 

Wlien tint rartdied gas referred to in Kirchhoff’s second 
jind tltird laws is composed only of atoms, the lines in the 
spec-trum will appear mainly as single lines. When, on the 
other hiind, the gas is compo.sed of molecules, the lines will 
cluster in so-called bands, groups of lines sharply delimited 
on one. side and gradually shaded off on the other. As 
molecules can not exist at very high temperatures, bands in 



stellar spectra arc always indicative of comparatively low 
temperatures. 

For each radiation, i.e., for each point in a spectrum, 
there is a corresponding definite wave-lengtiu I'his wave- 
length is measured in Angstrom units one Angstrhm unit 
= 0.0000001 millimeters. A wave-length of 4386 Angstroms 
is usually expressed as X4386. 

The spectrum of a star is generally composc'd of a con- 
tinuous background crossed l)y dark absorption lines. 'Fhc 
light of the star originates front the hot, relatively dimse 
photosphere, and reaches us after having traverst'd tla^ 
somewhat cooler rarefied gases in the. star’s atmosphere. 
The continuous spectrum of the star is not uniformly 
intense. Red stars show a maximum intensity in the red 
portion of the spectrum, while blue stars show a maximunt 
intensity in the blue or in the violet. It is known from 
laboratory experiments, and also from theory, that the 
wave-length corresponding to the maximum intensity in a 
continuous-background spectrum is de[)cndcnt on the 
temperature of the light source — the hotter the source, the 
shorter the wave-length. Thus a blue star must be hotter 
than a red star. 

In blue stars the absorption lines arc mainly due to 
hydrogen and helium, while in yellow stars light metals, 
such as iron and calcium, arc responsiltlc for the main 
features of the absorption spectrum. This docs not mean 
necessarily that the composition of the atmospheres of 
blue and yellow stars are radically different. It simply 
means that under the conditions of high temperature 
existing in the atmospheres of blue stars, all atoms of light 
metals are ionized and unable to ab.sorb radiation in the 
visible part of the spectrum. Hydrogen and helium, on 
the other hand, require a high temperature for the produc- 
tion of absorption lines in the visible spectrum. Thus the 
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geiu-ral a.si«‘fl oi' a stellar spectrum will be chiefly deter- 
luiiietl liy the surla<-(‘ ttaiipt'niturc of the star. According to 
tlieir tlillerent ttsixH'ts, stellar spectra have been divided 
into ehisses, which roughly follow a scale of surface tem- 
pt'rtitures. 'I'lie umin chtsses of the Harvard classification, 
now universally tidopted, arc the following: 

1. Cllitss /I ( lontinuous spectrum strongest in the ultra- 

vioh't. AltsoriJtion lines of hydrogen and helium, 
dolor of th(* stars: bluish-white. Temperature 
22000". (Rigel.) 

2. ( 11; IKS /I —Very strong hydrogen lines. H and K line of 

ioni'/,t‘d ctildtuu. Color: white. Temperature 11000°. 
(Siritis.) 

3. dlitss F Hydrogen lines weaker. H and K lines 

stronger than in class A. Faint lines due to light 
tnetals (iron, magne.sium, etc.). Color: yellowish- 
while. 'remperature 8000°. (Procyon.) 

4. dlitss CF Hydrogen lines weak. H and K lines very 

strong. Extremely numerous narrow lines due to 
light inetids. Color: yellow. Temperature 6000°. 
(Ottr Hun or Gapclla.) 

5. dlitss A’ “Very strong metallic lines. X4227 of neutral 

citldum itrominent. Color: orange. Temperature 
4000". (Arclvtrus.) 

6. Class A/ “".Spectrum strongest in the red and infra-red. 

Htrong tiliinium oxide bands. Numerous metallic 
lines. X4227 very strong. Color: red. Temperature 
3000". (Antiires.) 

L<*ss fre<|Ut‘nt, hut highly important, are the following 
<iitKses: 

Class H Very hot stars (surface temperatures from 
30000° up). Continuous spectrum strongest in the far 
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ultra-violet, bright, wide Iine.s of hydrogen, ionized 
helium, doubly attd trebly ionized oxyg('n and 
nitrogen. The continuou.s spectrum is ol’ten very weak 
or ahno.st entirely absent in the visible region of tlu^ 
spectrum. The bright lines in this type tjf spectrum 
and in other hot stars are due to the excitation of 
atoms in their atmospheres, by the strong ultra-violet 
radiation from their photospheres, (f Puirpis.) 

Class JV — Continuous spc'ctrum limited tihnost ex- 
clusively to the r<‘d :md infra-red. Cttrbon and hydro- 
carbon compound btinds. Color: rulry. 'remperature 
aOOO" to 3000". (19 PLscium.) 

Cla.ss S — Similar to M; but with zirconium oxide bands 
predominant, instead of titanium oxide. (R Cemi- 
norum.) 

Class R — Combining characteristics of chisscs K and jV. 
Continuous spectrum and lines as in class K, but also 
strong carlx)n and hydro-carbon bands. (S Camelo- 
pardalis.) 

Spectra of high-temperature stars are generally r<'fi*rred 
to as early-type spectra, while those of red sttirs are calhxl 
late-type spectra. Therefore, it is quite common to say that a 
K star has a spectrum which i.s later than G, but earlier than 

M. 


The Doppler Effeot 

When a light source approaches the observer, the eye 
will receive more waves per second than for the. case where 
the light-source is at rest. Con.sequently the frccpicncy of 
the vibrations will appear to be increased. An increase in 
frequency means a shift towards the violet end of the 
spectrum, and a decrease denotes a shift towards the red. 
Analogous to the theory of sound, we generally call this the 
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I )oj)pl<‘i <‘fi<'( t. 11 \v<' notice that in a stellar spectrum all 
lines an* shiftetl, say to the violet, we can safely conclude 
thill the slat, oi .it le.tst tile surface of the star, is approach- 
int> us. 1 lie ;unount ol the shift is determined by the speed 
of approiteh or reeession. If a star approaches at the velocity 
of 1H6 miles p<>r staamd, which is exactly one thousandth 
part of the vi'loeity of light, the apparent frequency of all 
its ratliiiiion will lie increused by one tenth of one per cent. 
Since the wavt'-lenglh equals the speed of light divided by 
its fre<]nency, it is e;isy to convert an observed shift in 
Wiive-length into ii velocity in the line of slight — measured 
in kilometers per second (Km/scc) — and called the radial- 
vflwity. 

Aiisoi.u'i'K Magnitudes 

The iipparent magnitudes of the stars do not tell us much 
ahtjut their rettl, intrinsic brightness because it is evident 
tlnit the same stiir would appear of different brightnesses if 
obsi-rvi'd from dilfercnt distancc-s. If we wish to establish a 
.setile of real lumino.sitics for the .stars, we must imagine them 
as all Ijrought to the .sitmc distance from us. Such a task is 
tun too diflicnilt if we tire aware of the actual distances of 
our .stars, heeaustt we know that the apparent brightness of 
light varies inversely as the square of its distance. Astrono- 
mers have chosen us ;i standard distance that of ten parsecs, 
or 32.6 light ytsirs. When the magnitude of a star is reduced 
to whtil it would b(' at this distance, it is called the absolute 
maimUudf. If is the ptirallax of the star and m its apparent 
magnitude, the absolute magnitude is computed by the 
formula: 

M - m + S + Slog p 

I’he term parallax is used to express half of the angular 
tiisplaeemetii of ii star as seen from the earth when at op- 
posite extremes of its orbit. 
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(k)NS'rKLI..Vn()N AlUtRKVlAl'tONS 


Name of (Umsfeilation 

Andronu'da 

An ilia . 

Apus 

Aqiiariiis 

Aquila 

Ara 

Aries 

Auriga 

Bootes 

Caelum 

Camelopardalis 

Cancer 

Canes Venatici 

Can is M ajor 

Canis Minor 

Capricorn us 

Carina 

Cassiopeia 

Gentaurus 

Cepheus 

Getus 

Ghamaeleon 

Gircinus 

Golumba 

Coma Berenices 

Corona Austrina 

Corona Borealis 

Corvus 

Crater 

Crux 

Cygnus 

Delphinus 

Dorado 

Draco 

Equuleus 



(knitive form of 
eons tell ation 

Aiulrtmiedae 

AiUliat* 

A|)odis 
Acjuarii 
Afjuilae 
Arae 
Ariel i.s 
Aurigae 
Bootis 
( laeli 

( lainelopardalLs 
( lancri 

Canum Venaticorum 

Canis Majoris 

Canis Minoris 

Capricorni 

Carinac 

Cassiopeiae 

Ckmtaiui 

Cei)h<‘i 

Cell 

CluunuekHUUis 

Circini 

Coliunl>ae 

Comae Ber<mit*rs 

Coronac’! Ausirinat* 

Coronae Bon^alis 

Corvi 

C.lratti'is 

Crucis 

Gygni 

Delphini 

Doradus 

Draconis 

Equulei 
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( ioNSTKi.i.A'noN Abbreviations {Continued) 


Marne of eomiellation 

Abbreviation 

Genitive form of 
constellation 

i^'iciaims 

Eri 

Eridani 

I'’ornax 

For 

Fornacis 

( Jcniini i 

C;icm 

Geminorum 

(,iruH 

Gru 

Gruis 

H(*rcul(‘.s . 

Her 

Herculis 

1 lorologiuin 

Hor 

Horologii 

liytlra, 

Hya 

Hydrae 

I lyclnis 

Hyi 

Hydri 

Iiuiits , . , . 

Ind 

Indi 

L.ac<*rta 

Lac 

Lacertae 

Ixx) 

Leo 

Leonis 

Ltx> Minor. . , 

LMi 

Leonis Minoris 

I X»|>11S 

Lep 

Leporis 

lilira 

j Lib 

Librae 

I ai|WH 

1 Lup 

Lupi 

I.ynx . 

Lyn 

Lyncis 

Lyra 

Lyr 

Lyrae 

Mt^nsa 

Men 

Mensae 

MuTo.sropiiuu 

Mic 

Microscopii 

MoiHKaTO.S 

Mon 

Monocerotis 

M il .sc a 

Mais 

Muscae 

Norma 

Nor 

Normac 

< )ctimH 

Oct 

Octantis 

Opluiu'luis 

Oph 

Ophiuchi 

Orion 

Ori 

Orionis 

Favo 

Pav 

Pavonis 

P<*gasus 

Peg 

Pegasi 

'Pcr.scn.s. 

1 Per 

Persei 

l^lio<‘nix . 

Phc 

Phoenicis 

Pi<Mor 

Pic 

Pictoris 

Fiscc.s 

Psc 

Piscium 

PisciH AnstrinuH 

PsA 

Piscis Austrini 

Puppis 

Pup 

Puppis 

Pyxi.H 

Pyx 

Pyxidis 

.Reticulum 

Ret 

Reticuli 
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Constellation Abhheviations {Vontiu ued) 


Marne of mistellafwn 

Sag’ll la 

Sag’il.larius 

Sc()rj)ius 

Sculptor 

SciUiuu 

Sei’ptuiK 

Sextans 

Taurus 

']"Vles(’opiurn 

' rrian gill urn 

Triangulum Austrak' . . . , 

'J’ucana 

Ursa Major 

Ursa Minor 

Vela 

Virgo 

Volans 

Vulpecula 


Ahhmmititm 

Uenitive form of 
eonstellatwn 

•Sge 

Sagittae 

Sgr 1 

Sagiitarii 

Seo 

Scorpii 

Scl 

Sculptoris 

Set 

Scuti 

Ser 

Serpen t is 

Sex 1 

Sex tan tin 

'I'au 

'Fauri 

'IVI 

'Feleseojiii 

'Fri 

'Frianguii 

'FrA 

'Frianguli Australis 

'Fuc 

'Fucanae 

UMa 

Ursae Majoris 

UMi 

1 Ursatt Mi nods 

Vel 

Velorinn 

Vir 

Virgin is 

Vol 

Volantis 

Vul 

Vulpeculae 
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